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I.  INTRODUCTION 
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Interest leg  photographs  of  underwater  explosions  in  model  tanks  have  been  obtained  by 
■any  investigators.  Their  experiments  suffered  almost  universally  from  the  drawback  that 
it  was  impossible  to  shoot  charges  larger  than  a  gram  or  even  a  tenth  of  a  gram.  A  technique 
has  been  developed  at  UERL  of  shooting  in  the  open  ocean  so  that  the  charge  size  is  limited 
essentially  only  by  the  transparency  of  the  water  rather  than  by  the  strength  of  tank. 


This  report  discusses  in  detail  the  methods  and  apparatus  used  in  obtaining  the  pictures 
and  the  results  of  some  two  years  of  experimentation.  It  indicates  the  usefulness  of  photo¬ 
graphic  techniques  for  studying  underwater  explosions,..  •  . 


II.  EXPERIMENTAL  METHODS  AND  EQUIPMENT 


Two  main  types  of  picture  have  been  taken;  the  flash  photograph,  in  which  a  single 
picture  of  approximately  one  microsecond  exposure  was  obtained,  and  the  motion  picture,  which 
usually  gave  three  or  four  to  several  hundred  pictures  'in  a  single  experiment.  These  latter 
pictures  were  taken  at  .speeds  up  to  2500  per  second  and  corresponding  exposures  down  to  100 

microseconds.  The  two  methods  will  be  taken  up  in  detail.  , 

*  •  /  1 


Methods  of  flash  photogrnt 


(a)  General  information.  —  In  taking  nhort  exposures  of  rapidly  changing  phonomona, 
the  shutter  of  the  still  camera  was  opened,  the  explosion  initiated,  a  short 
duration  flash  of  light  emitted,  and  the  shutter  closed.  During  the  winter  monthB, 
it  was  found  possible  to  work' in  daylight  by  actuating  the  instantaneous  shutter 
mochaminm,  set  at  l/lOO  second,  with  a  solenoid  and  synchronizing  the  explosion 
electrically.  When  the  run  war-,  brighter,  however,  thlB  method  caused  a  general 
fogging  even  at  1/200  second,  and  it  was  found  necessary  to  work  at  night.  This 
simplified  the  problem  cf  synchronization  inasmuch* as  it  was  possible  to  set  the 
shutter  on  bulb,  open  it  with  the  solenoid,  fire  the  charge,  and  close  the  shutter. 


In  experiments. in  which  it  was' necessary  to  "stop"  shock  waves,  the  light  source- 
was  an  exploslvo  flash  charge  (Section  II,  1,  (d) ) .  The  delay  between  the  time* of 
detonation  of  the  subject  charge  and  the  flash  charge  was  obtained  by  the  proper 
length  of ■ Eneign-Bickford  Primacord  whose  detonation  velocity  is  0.248  incher  per 
microoucond. 


It  is  possible  to  obtain  multiple  exposures  on  a  single  plate  by  firing  several 
flash  charges  in  sequence ,' using  primacord  timing. 

When  extreme  speed  was  not  necoosary,  the  flash  charge  was' replaced  by  a  photo¬ 
flash  bulb  or  Eastman  Kodatron  Speedlamp, 

(b)  Water  transparency.  —  One  of  tho  important  variables  in  undervator  photography 
in  tho  open, sea  (near  land  at  least)  in  the  transparency  of  the  water.'  Not  only 
does  tho  total  amount  of  transmitted,  light  from  .a  constant  light  sovirce  decrease 
at  lower  transparency,  but,  since  the  loner  transmission  is  due  to  turbidity,  image 
shorpno33  dec'reases^ovon  If  .tho  proper  exposure  is  made.  -To  take  this  into  account 
a  crude- transparency  mcasuro  is  marie  by  dropping  a  white  disk  eight  inches  in 
diameter 'through  the  water  until  it  disappears  from  view..  The  depth  of  this  dis¬ 
appearance  is  recorded  as  the  "Secchi  di3k  reading."  i/  As  a  rough  rule  of  thumb, 
It  may  be  stated  that  fairly  good  pictures  can  be  taken  with  objoct-to-camera 
distances  up  .to  half  the  Secchi  disk  reading. 


1/  £rSgg£Q3  Report  on  Undorva  torPhotqgraph.Y,  by  D.E.  Kirkpatrick,  J.L.  -Worse!,  M.  Swing, 
NDRC  Section  C-4  (Division  6.1)7  May  4,  1942.  ' 
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For  most  single  flash  photographs,  Eastman  Contrast  Process  Ortho  film  was  used 
and  developed  in  D-ll.  Typical  lens  openings  with  a  250  gm  explosive  flash  charge 

at  8  ft.  from  the  camera  varied  from  f/3.5  to  f/8  depending  on  rater  conditions, 

(c)  Camerae  for  flash  photography.  —  A  variety  of  cameras  were  used  for  flash 

photography  with  approximately  equal  success.  In  order  to  keep  the  size  of  the 
equipment  at  a  minimum,  35  mm  still  cameras  wore  used. 

(i)  Argus  C-3.  Figure  1  shows  the  Argu3  C-3  camera  and  its  water  and  explosion- 

proof  case.  This  camera  has  an  internal  synchronizer  which  was  sometimes 
used  to  set  off  explosions  when  the  shutter  wa3  at  its  maximum  opening.  Th* 

case  wa3  constructed  from  6  l/2  in.  O.D.  by  3/4  in.  thick  steel  pipe  and  the 

window  is  of  1  in.  thick  "tempered"  glass  hav  ng  a  2  l/8  in.  diameter  for  the 
unsupported  area.  The  case  and  window  have  successfully  withstood  the 
explosion  of  a  300  pound  charge  50  ft.  away,  both  charge  and  camera  case  being 
at  a  depth  of  40  ft, 

(ii)  Kodak  "35".  Figures  2  and  3  show  n  Kodak'  "35"  and  case.  This  case  which  was 
mode  from  a  pipe  coupling,  has  also  survived  the  explosion  of  a  300  pound 
charge  at  50  ft.  The  camera  was  later  modified  as  shown  in  Figure  4  which 
shows  a  much  smaller  homemade  camera  using  the  len3  and  shutter  of  the  Kodak 
35*  A  smaller  case  would  obviously  have  boon  built  for  this  camera. 

(iii)  UKRL  camera.  in  (.he  early  singes  of  this  work  it  was  considered  that  com¬ 
mercial  cameras  might  nv>t.  be  rugged  enough  for  the  work  we  were  doing,  and 
a  camera  with  laboratory  designation  "Bruto"  was  constructed.  The  '’Brute" 
camera  consisted  merely  of  a  solid  brass  cylinder  with  a  heavy  spring-driven 
rotary  shutter,  a  hole  for  tho  lens,  and  another  for  tho  film.  The  camera 
also  contained  a  "foolproof"  synerirbm  zer  for  firing  the  charge  which  con¬ 
sisted  of  a  contact  made  by  th~  any  daslmd  time  in  its  travel. 

By  using  an  SSS  seisnographic  can  No.  3)  which  explodes  within  a  millisecond 
of  the  time  the  circuit  Is  clos'd,  the  synchronizer  could  be  set  to  close  the 
circuit  when  the  shutter  w ps  barely  opened  and  the  timing  would  thon  auto¬ 
matically  be  right. 

Subsequent  experience  showed  that  the  commercial  shutters  were  sufficiently,  rugged 
so  long  as  they  worn  not-  imrners.ed  in- sea  water,  and  the  "Brute"  camera  was  rarely  - 
used.  .  -  I 

The  cameras  were  all  mounted*. on  rubber  as  a  matter  of  principle.-  1 

(iv)  Automatic  photography .  One  photograph  was  obtained  by  moans  of  an  automatic 
rig.  .A  charge  won  detonated  which  activated  a  pressure  switch.  Tho  pressure 
switch  closed  a  solenoid  circuit  which  tripped  the  camera  shutter.  As  the 
shutter  opened,  a  synchronizing  switch  fired  a  cap  in  the  flash  charge.  The 
battery  required  was  enclosed  in  the  camera  case.  The  resulting  photographic 
imuge  is  not  reproduced.  This  method  enn  be  used  in  exporimonts  in  which 
cxtei-nal  connections  with  the  camera  are  undesirable  or  impossible. 

(d)  Light  sources.  --  Still  clo3e-up  photography  of  explosion  phenomena  requires 

exposures  of  the  ordor  -of  a  ‘  ”  AJ.  sec  and— a'^'l'ight.  source  of  about  a  million  candle- 
power!  A  satisfactory  source  V  light  wa a  developed  by  the  Explosives  Research 
Laboratory  ut  Bruceton,  Pennsylvania  £J  utilizing  a  spherical  cast  explosive 
charge  of  pontolite  mounted  concentrically  in  a  round  bottom  glass  flask;  the 
space  between  tho  charge  and  flask  being-  filled  with  argon  at  atmospheric  pressure. 
Duration  and  intensity  of  th"  light  Increased  respectively  with  tho  thickness  and 
area  of  the  argon  layer. ’ 


2/  The  Flash  Photography  of  Detonating'' Explosives  to  .May  1,  1943.  Explosives  Research 
Laboratory.,  Bruceton,  03 Id)  Report  1488. 
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Argon- surrounded  flash  charges  wore  adapted  at  UERL  2/  for  U3e  underwater  and 
proved  satisfactory.  By  using  conical  rather  than  spherical  charges  it  was 
possible  to  produce  a  given  amount  of  useful  light  with  less  explosive.  The 
amount  of  light  emitted  by  the  charges  was  about  halved  if  the  gas  layer  was  air 
instead  of  argon.  Tests  were  conducted  with  charges  coated  with  mercurous  chloride 
and  sodium  chloride  (because  of  their  emission  spectra),  but  the  results  were 
erratic.  The  various  typos  of  flash  charge  prepared  at  UERL  are  illustrated  in 
Figure  5. 

(i)  Glass  enclosed  flash  charges  for  depths  down  to  20  feet.  Since  this  type  of 
flash  charge  was  used  moot,  its  fabrication  will  be  discussed  in  some  detail. 

A  primacord  fuze  is  cut  to  the  desis-ed  length  and  one  end  rolled  tightly  in  a 
2  x  2  x  1/32  in.  sheet  of  lead  wlthyl/8  In.  of  primacord  projecting  beyond 
the  lead  (see  1C  of  Figure  $) .  The  function  of  the  lead  is  to  prevent  deto¬ 
nation  except  that  starting  from  the  center  of  the  sphere.  To  obtain  maximum 
charge  density  and  to  minimuze  segregation,  all  of  the  air  should  be  driven  j 
out  of  tho  molten  pentolite  and  the  mix  should  be  as  cool  as  possible  when 
poured.  Tho  charge  is  cast  in  a  well-greased  (e.g.  petroleum  jelly)  plaster'1', 
of  paris  mold  (Figure  6)  with  the  exposed  end  of  primacord  fuze  in  the  center. 
The  half  molds  are  set  over  one  another  on  their  rim3  with  the  fuze  in  the 
groove  provided  and  with  the  filling  hole  on  top.  Molten  explosive  is  poured 
in  up  to  the  baso  of  the  filling  hole  and  an  the  mix  cools  and  shrinks,  more 
is  added  to  keep  tho  level  constant.  When  solid,  tho  charge  is  easily  removed 
by  taking  apart  the  molds.  Molds  may  be  cooled,  rogreased,  and  used  again 
many  times. 

Charges  may  also  be  ca3o  ns  two  hemispheres.  One  hemisphere  i3  cast  with  the 
primacord  fuze  in  place  and  i.s  removed  from  the  mold  when  the  explosive 
solidifies.  Molten  oxplosive  in  poured  into  the  second  mold  up  to  the  level 
of  tho  fuze  groove  and  the  first  half  (with  fuze)  is  placed  on  top.  The 
completed  charge  is  easily  removed  from  tho  mold  when  the  second  half 
solidifies. 

The  charge  is  next  mounted  in  tho  round  bottom  glass  flask  which  has  been 
split  into  two  halves  (see  IB,  1C  of  Figure  5)  by  the  hot  wire  technique 
familiar  to  glassblowers.  Rubber  tape  is  wrapped  around  the  lead  covered 
primacord  fuze  to  provide  a  snug  fit  in  the  neck  of  the  flask  and  to  cbnter 
the  charge.  Thore  in  a  3/l6  in.  space  between  the  charge  and  the  wall  of  tbs 
flask.  A  small  chip  of  glass  is  removed  from  one  of  the  split  edgos  of  the 
flask  to  provide  a  filling  hole  for  the  gas.  The  split  halves  of  tho  flask 
are  glued  together  with  transparent  tygon .paint  or  Duco  cement  and  the  region 
over  the  seam  is  painted  twice  with  the  cement  for  waterproofing.  Plaster 
of  paris  is  poured  into  the  neck  of  the  flask  to  fix  the  charge  in  position, 
aid  in  waterproofing  and  minimize  the  leakage  of  gas.  Bostik  cement  (a 
heavy-bodied  rubber  compound)  or  vaseline  is  placed  over  the  plaster  of  paris- 
to  waterproof  completely  the  mouth  of  the  flask.  Just  before  shooting,  the 
charge  is  placed  in  a  steel  (for  safety)  vacuum  desiccator,  tho  air  evacuated 
through  tho  filling  hole  and  argon  allowed  to  flow  in  an  atmospheric  pressure. 
The  filling  hole  is  then  re sealed  with  n  piece  of  scotch  tape  and  Bostik. 

(ii)  Conical  flash  charges  'or  depths  down  to  10  feet.  Only  n  part  of  the  light 
distributed  by  tho  shperical  type  flash  charge  described  above  is  used  in 
illuminating  tho  field  of  view  of  tho  camera.  The  lighting  efficiency  may 
be  improved  by  using  a  reflector  behind  tho  flash  charge.  However,  there 
was  little  loss  in  light  when  the  spherical  charge  was  replaced  by  a  conical 


2/  Preparation  of  Charges  for  the  Study  of  Explosion  Phonomena  at  UERL.  by  P.  Newmark  and 
E.  L.  Paterson,  NDRC  Report  A-38I  (OSRD  6259);  also  The  Preparation  and  Testing  of  High- 
Intensity.  Short  Duration  Underwater  Flares,  by  E,  L.'  Patterson,  NDRC  "Roport ' A-3S2 
(OSRD  6260).  '  . 

ij  While  thiB  technique  loads  to  some  cavitation  at  tho  cantor  of  the  cold  charge,  it  was  . 
found  in  practice  to  make  little  or  no  difference  for  this  purpose  if  the  precautions 
noted  above  were  taken. 
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Pig.  5.  Various  types  c  ?  flash  charges  prepared  at  UERL. 


3nta  for  Figure  5  -  Various  types  of  flash,  ch nrgos  prepared  at  UKHL . 


250  gm  spherical  pentollte  flanh  charge  -  glass-cased  and  uncased.  (See  Figuro  7). 
75  g ra  spherical  pontolito  flash  chargo  -  uncased.  ''  _  — . 

Materials !  primacord,  l/32  in.  load  sheet,  rubber  lupo, ’  plaster  of  paris,  and  split' 
flask  (200  ml  round  bottom) . 

Conical  flash  charges.  (300  Figure  8). 

Cylindrical  tctryl  flash  charges  (salt  coated) . 


4  Flash  chargos  for  deep  v/ater.  (sec  Figure  9) . 
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charge  which  waa  actually  a  sector  of  a  sphere.  (See  2  of  Figure  5).  The 
fabrication  is  indicated  by  Figure  8.  The  advantage  of  this  form  was  that 
about  ons-eeventh  the  amount  of  explosive  (  r\J  40  E®)  was  required  which 

permitted  the  use  of  flash  charges  in  areas  whore  half-pound  charges  were . 

too  large. 

(ill)  Flash  charges  for  depths  down  to  600  feet.  The  construction  of  a  flash  charge 
which  would  be  waterproof  in  deep  water  and  would, not  collapse  under  the 
hydrostatic  pressure  was  accomplished  by  casting  the  pentolite  in  a  tin  can 
and  using  a  thick  (l/4  to  l/2  in.)  disk  of  luoite  for  a  window;  Figure  9  shows 
the  details.  Photographs  of  this  type  of  charge  are  given  in  Figure  5  (4a, 

4b).  The  window  is  clampad  against  a  rubber  gaakot  and  a  l/32  in.  hole  is 
drilled  in  the  window  for  on  argon  filling  hole.  This  hole  wa3  later,  closed 
with  a  tapered  plug  of "wood  and  Bo3tik.  A  metal  tube,  closed  at  one  end  and 
soldered  to  the  base  of  the  tin  can,  projected  into  the  explosive  to  comprise 
the  detonator  well.  The  charge  waa  detonated  by  inserting  primacord  into  tha 
open  end  of  a  non-electric  blasting  cap,  wrapping  the  junction  carefully  with 
rubber  tape,  inserting  the  blasting  cap  into  the  detonator  well,  and  initiat¬ 
ing  t.h«-  primacord.. 

'  (lv)  Other  sources.  Some  single  pictures  of  damage  to  model  structures  were  taken 
with  a  #22  photoflash  lamp  or  with  a  gas-filled  Kodatron  flash  tube.  Both  of 
theso  lamps  had  to  be  protected  from  the  explosion  by  a  metal  case  with  luclte 
window.  The  usual  explosive  flash  charge  technique  was  not  employed  in  thiB 
instance  because  the  final  damage  to  the  model  would  have  been  affected  by  the 
explosion  of  thn  flash  charge. 

(a)  Underwater  equipment.  —  Figure  10  shows  a  sketch  and  Flguro  11  photographs  of  a 
typical  experimental  set-up  for  undorwa tor  .photography.  The  majority  of  experi¬ 
ments  were  carried  out  in  rings  of  this  sort.  While  the  circular  shape  is  not  the 
most  convenient  for  the  suspension  of  miscellaneous. objects,  it  is  generally  less 
subject,  to  destruction  frdra  the  explosions.  Lightweight  objects,  such  as  paper 
diffusing  screens,  were  stayed  from  the  ring  by  light  lino,  while  cameraB,  gauges 
and  other  houvy  gear  were  fastened  directly  to  the  ring  or  to  sturdy  auxiliary 
structures  bolted  or  welded  to  the  ring. 

(f)  Firing  devices.  —  The  flash  charge  and  the  target  charge  were  generally  fired  a 
short  time  apart  by  connecting  them  with  primacord.  Since  it  was  somotimes 
undesirable  to  have  primacord  extending  between  tho  two  charges,  a  method  wan 
developed  for  simultaneously  firing  two  charges  which  were  separated  in  space. 

The  method  was  to  discharge  a  40  microfarad  condenser,  charged  to  600  -  1000  volts, 
through  two  Ho.  8  S5S  solsmographio  caps  connected  in  sories.  Under  these  con¬ 
ditions  the  caps  detonated  within  a  few  microseconds  of  each  other.  Primacord 
was  still  nocassary  to  obtain  delays,  but  more  control  waa  obtainable  over  the 
geometrical  configuration  of  the  primacord  since  it  was  no  longer  necessary  to  ,. 
have  a  continuous  length  between  the  two  charges.  Furthermore,  this  eliminated 
tho  necessity  of  having  primactml  in  the  field  of  view  rhen  photographing  explod¬ 
ing  charges. 

2.  Methods  of  motion  picture  photography. 

Relatively  slow  phenomena,  such  as  bubble  growth  and  structural  damage,  can  be  photo¬ 
graphed  successfully  using  motion  picture  technique.  Ke  have  used  two  conventional  movie 
cameras  and  an  Eastman  High  Speed  camera,  all  of  which  requlro  a  continuous  light  source. 

For  pictures  in  which  a  total  duration  of  only  100  milliseconds  is  required,  such  as  studies 
of  damage  from  a  25  go  charge  at  600  ft.  depth,  a  single  #31  photoflash  lamp  has  been  used. 
For  longer  durations  it  is  possible  to  use  severs!  phntoflash  lamps  tripped  in  series.- 

Eastman  Super  iX  film  or  its  equivalent  has  been  used  in  all  underwater  movies. 

(a)  Cameras  for  motion  picture  photography, 

(i)  Eastman  high  sucod  camera.  Figure  12  shows  tho  Eastman  high  speed  electri¬ 
cally  driven  16  mm  camera  with  attached  Lord  vibration  mounts.  The  mounts 
slide  into  the  tracks  shown  inside  the  case,  (Figure  13)  and  shock  mounts 
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Pag  to  support  window 


Fig.  9.  Flash  charge  for  deep'  water;  a  croas-aeetlonal  view. 
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A.  Ming  -  9  ft  diameter 

B.  Camera 

C.  Gauge 

D.  Damaging  charge 

E.  Diffuuing  oereen 


F .  Flash  charge 

G.  Reflector 

H.  Primacord 

I.  Cap  -  No.  8 

J .  Diaphragm 

Fig.  10.  Diagram  of  apparatus  fox-  underwater  photography. 


Apparatur  just  entering  water 


Fig  I!  Steps  in  lowering  equiprr 
rc,f:  damaging  diaphragm 


Ring  swung  out  over  water 
limmary  to  lowering 


for  single  sho*  photograph 


Lord  vitrstion  mounts 


on  the  ends  of  the  case  prevent  camera  motion  along  the  axle  of  the  cylinder. 

The  case  for  this  camera  is  made  of  standard  16  in.  O.D.  by  ')/&  in.  wall 
thickness  steal  tubing,  and  the  ends  ere  hot  rolled  steel  1  in.  thick, 
have  never  tested  this  case  near  its  ultimate  strength,  but  it  was  calculated 
that  it  would  stand  over  1000  lbs. /in. ^  static  pressure  and  considerably  mors 
dynamic  pressure  of  low  time  constant. 

\ 

The  high  speed  camera  can  be  lined  at  speeds  up  to  3000  frames  per  second. 

Due  to  the  rotating  four- sided  prism  that  is  interposed  between  the  lens  and 
the  film,  the  ratio  between  exposure  timo  unri  the  time  between  frames  is  fixed 
at  l/4  and  the  minimum  exposure  time  la  B0  microseconds.  Another  effect  of 
the  optical  system  le  that  it,  c  aqii”  ms  long  focal  length  lenses  (63  mm  mini¬ 
mum)  with  the  re suit  that  the  field  of  view  is  small  (angle  of  view  ca.  5°)  at 
reasonablo  object  distances.  This  feature  is  a  drawback  iri  underwater  photog¬ 
raphy  due  to  tho  further  restriction (f  the  field  which  results  from  the  high 
index  of  refractiun  of  v/utnr,  and  tho  severe  limitations  on  object  distances 
due  to  water  turbidity. 

(ii)  Jerome  camera.  Figure  14  shows  tho  Jaromo  35  mm  camera.  This  camera  is  of 
a  conventional  type,  electrically  driven,  and  Is  limited  to  spoedB  slower 
than  100  frames  per  second.  The  angular  opening  in  the  shutter  is  variable, 
so  that  exposures  as  short  as  one  millisecond  can  be  made.  A  1  in.  focal 
length  lens  was  used  to  obtain  tho  widest  possible  angle  of  view.  The  shock 
mounts  shown  in  the  figuro  engage  tracks  in  the  ense. 

(iii)  Victor  camera.  Our  first  underwater  movies  wore  taken  with  an  ordinary 

spring-wound  16  mm  camera  running  at  64  frames  per  second,  with  an  expuaure 
time  of  approximately  l/l30  second. 

(b)  Associated  equipment  for  underwater  photography. 

(i)  Underwater  gear.  One  of  the  rigs  used  for  photographing  damage  to  cylindrical 
targets  is  shown  in  Figures  15  «fid  16.  The  photograph  (Figure  15)  shows  the 
rig  arranged  for' photographing  by  reflected  light  while  the  drawing  (Figure 
16)  shown  the  set-up  for  silhouette.  Tho  parallel  beams  in  this  frame  can 
be  extended  to  obtain  greater  object  distances.  Figure  17  shown  the  firing 
circuit  diagram. 

(c)  Light  nourcoH. 

(i)  ghotoflagh  lamps.  In  order  to  increase  the  duration  of  the  illumination  used 
in  these  photographs,  several  photoflnsh  lamps  may  be  set  off  in  sequence  by 
means  of  the  rotating  commutator  switch  shown  in  Figuro  18.  The  proper  time 
Interval  to  use  betweon  #31  photoflash  lamps  is  80-100  milliseconds.  In  the 
clear  wutoro  around  tho  Bahamas,  it  was  found  that  a  good  silhouette  of  a 
cylinder  could  be  obtained  ut  2500  frames  pur  cecond  with  the  Ions  at  f/ll 
using  two  #31  photoflashes  9  ft.  from  tho  oumera, 

(ii)  Mercury  Arc.  The  light  source  used  with  the  Victor  camera  was  a  G.  E.  high 
pressure  H-6  mercury  arc.  This  proved  satisfactory  except  thut  in  a  fair 
fraction  of  the  experiments  tho  light  was  extinguished  by  the  shock  wave. 
Furthermore  tho  intensity  is  too  low  for  high  speed  work,  and  60  cycle  fluctu¬ 
ation  would  be  undesiruble  in  short  exposure  pictures. 

(d)  Timers.  —  Each  camera  1r  equipped  with  a  small  neon  flnnhor  which  provides  timing 
by  marking  tho  edge  of  the  film  at  a  frequency  determined  by  tuning  forks  -  1000 
cycles  for  tho  High  Speed  and  50  cycles  for  the  Jerome.  Circuit  diagrams  for  the 
power  supplies  that  operate  these  lamps  are  given  in  Appendix  III. 

(0)  power  supply  for  cameras.  —  Tho  cameras  must  be  brought  up  to  speed  gradually. 

The  High  Speed  is  equipped  with  an  internal  mechanism  which  cuts  out  a  resistor 
and  provides  for  gradual  acceleration.  The  Jerome  is  accelerated  by  hand  with  a 
Variac.  The  High  Speed  requires  about  1.5  kw  (2  at  starting)  and  the  Jerome 
less  than  1  kw. 


15 


issin 


1  S51H 


16 


Fig.  15.  Rig  for  high  speed  photography  of  cylinders. 
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FIGURE"  17 

FIRING  CIRCUIT  DIAGRAM 


III.  RESULTS  OF  EXPERIMENTS 


1.  Cavitation 

Inasmuch  as  damage  theories  depend  on  the  presence  or  absence  of  cavitation,  it  was 
considered  important  to  investigate  experimentally  the  more  important  factors  influencing 
the  production  and  decay  of  cavitation.  The  various  divisions  of  this  problem  will  he 
disaussed  separately.  , 

(a)  Minimum  tension  necessary  to  cause  cavitation.  —  While  theoretical  considerations 
lead  to  the  expectation  that  very  high  negative  pressures  should  be  necessary  to 
start  cavitation  in  extremely  pure  (nucleus-free )  water,  it  can  he  demonstrated 
that  if  bubbles  or  particles  of  radius  r^  are  present,  cavitation  should  apjpear 
at  P  =  -2b/t^,  where  e  is  the  interfacial  tension  between  water  and  the  particle. 
Inasmuch  as  seawater  contains  numerous  suspended  particles,  some  of  considerable 
size,  cavitation  might  be  expected  at  small  negative  pressures  (tensions). 


In  order  to  detenaino  tho  minimum  tension  required  for  cavitation  In  aenwnter, 
the  following  experiment  was  carried  outi  A  weak  shock  wave  impinged  on  an  air- 
backed  cellulose  acetate  diaphragm  0.02  in.  thick  and  6  in.  in  diameter.  At  a 
known  time  after  impact  a  photograph  was  taken  and  tho  position  of  the  cavitating 
region  noted.  From  tho  curves  given  in  Appendix  1,  the  tension  was  estimated 
at  the  minimum  distance  from  the  diaphragm  at  which  cavitation  occurred,  since 
the  magnitude  of  the  tension  is  a  direct  function  of  the  distance  from  the 
diaphragm,  this  value  gives  tho  minimum  tension  necessary  for  cavitation.  It  is 
possible  that  lower  values  oan  be  found  under  other  conditions. 


Figure  19  shows  ouvltation  in  front  of  such  a  ourfaoo  whon  a  10  gm  charge  of 
loose  tetryl  was  fired  24  in.  from  the  diaphragm.  The  peak  pressure  24  in.  from 
this  charge  is  estimated  to  be  2700  lbs. /in. The  charge  used  in  making  Figures 
20,  21,  and  22  was  a  three-foot  piece  of  primacord  s+ retched  in  a.  straight  line 
perpendicular  to  tho  diaphragm  at  its  conter.  For  Figure  20  the  closest  end  of 
tho  primacord  wue  8  in.  from  the  surface  of  tho  diaphragm,  in  Figure  21  it  was 
10  in.  and  in  Figure  22  it  was  20  in.  The  peak  pressures  p0  in  the  shock  fronts 
at  the  target  are  estimated  to  be  1100,  900,  and  450  lba./TH.^  respectively.  The 
letters  A  and  D  mark  the  positions  of  tho  primary  and  reflected  shockwaves 
respectively  as  observed  in  the  original  negatives.  It  will  be  notod  that  cavita¬ 
tion  is  visible  in  all  four  pictures. 


The  theory  of  Appendix  I  has  boon  used  to  estimate  tho  pressures  in  the  water  in 
front  of  the  diaphragm.  This  simple  theory  assumes  that  the  shock  front  i3  planar, 
that  tho  diaphragm  acts  an  an  incompressible  free  plate  of  infinite  extent,  and 
that  tho  region  ahead  of  the  cavitation  front  is  unaffected  by  the  prosence  of  the 
cavitation. 


Cavitation  io  observed  at  least  as  clone  to  the  diaphragm  as  l/8  in.  From  Figure 
131  (Appendix  X)  it  in  estimated  that  the  pressure. at  this  point  (X  w  O.O4)  never 
folio  bolow  P  0.1  or  p  ■=  -0.1  p_.  In  the  case  photographed  in  Figure  22  this 
means,  according  to  this  theory,  tliat  the  tension  ^  near  tho  diaphragm  never 
exceeded  45  lbs. /in. 2,  We  therefore  conclude  that  cavitation  in  seawater  con 
occur  at  45  lbs. /in.*-  (or  oven  less)  on  tho  baBis  of  this  interpretation  of  the 
experiment.  Since  the  maximum  tension  possible  in  tills  experiment  on  any  theoret¬ 
ical  basis  is  450  lbs. /in. 2  wo  conclude  that  this  value  represents  an  upper  limit 
for  the  required  tension.  Those  values  are  estimated  relative  tensions,  from  which 
about  18  lbs. /in. ''  must  be  subtracted  to  correct  for  atmospheric  plus  hydrostatic 
pre uKura . 

(b)  Criterion  for  cavitation  In  front  of  a  steel  diaphragm  —  Kirkwood  5/  has 


jj/  The  Plastic  Deformation  of  marine  Structure n  bv  an  Underwater  Explosion  Wave  II.  John 
G.  Kirkwood,  OSftD-1115,'  Serial  No.  450,  December  9,  1942. 
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Figs  23-28  Cavitation  trom  circular  diophragms  fixed  at  the  edges 
A  -  Initial  shock  wove  •  B*Reflected  shock  wave 


postulated  (See  Appendix  I)  that  cavitation  at  a  particular  point  In  front  of  tbs 
diaphragm  will  occur  only  if  tho  cavitation  time  Cc  1b  leBs  than  the  time  for  the 
diffracted  nave  to  come  in  from  the  edge  of  the  diaphragm  and  that  the  cavitation 
time  can  be  calculated  for  an  infinite  rigid  free  plate  by 


in  which-8  is  the  time  constant  of  the  shock /wave  and  8^  p  m//»c ,  in  thing  the  mass 
per  unit  area  of  the  plate,  x2  and  o  the  density  and  sound  velocity  of  water, 
respectively.  In  order  to  test  this  hypothesie,  two  series  of  photographs  were 
taken. 

In  one  series,  shock  wuveB  wore  reflected  from  a  deformable  steel  diaphragm, 
the  center  of  which  should  approximate  the  motion  of  a  free  plate  in  the  initial 
part  of  Its  motion.  In  the  othor  series,  a  closer  approximation  to  a  true  free 
plate  was  made  by  supporting  a  steel  disk  on  a  weak  backing  of  cellulose  acetate 
or  shim  brass,  and  in  a  few  pictures  there  was  no  support  for  the  steel  plate. 

Figures  23,  24,  25,  26,  and  27-  show  UERL  diaphragm  gages  being  damaged  under  the 
conditions  given  In  Tnhle  I.  The  table  shows  that  cavitation  occurs  only  when  Bc 
is  less  than  R/c.  where  R  is  tho  radius  of  the  diaphragm.  In  a  few  bases,  no 
cavitation -occurred  under  this  condition,  but  the  condition  was  satisfied  by  only 
~a  slight  margin.  In  Figure  25  the  cavitation  region  does  not  extend  back  to  the 
diaphragm.  This  is  thought  to  be  due  to  tho  increase  in  pressure  caused  by 
"reloading"  or  deceleration  of  the  diaphragm. 

The  target  ueed  to  obtain  Figure  28  was  a  0.013  in.  thick  steel  diaphragm  soldered 
over  tho  mouth  of  a  6  in.  pipe.  Five  ollim-  pliutographs  wore  taken  of  similar 
targots  in  which  the  only  experimental  condition  changed  was  the  time  lapse  after 
Impact  of  the  shock  wave  from  the  50  gm  charge  at  a  distanae  of  12  In.  Cavitation 
occurred  in  all  pictures  except  ono  in  which  this  time  lapse  was  approximately  8 
•^Ub oc,  whereas  the  calculated  cavitation  time  (fic)  is  6  ^#sec. 

Figure  29  ip  a  drawing  of  the  target  used  in  the  second  series  of  photographs  to 
give  a  closer  approximation  to  a  free  plate. 


Figure  29.  Target  simulating  free  plate. 

Typical  photographs  of  cavitation  from  ouch  a  target  are  Figures  30,  31,  and  32. 
Using  this  target,  it  is  found  that  the  position  of  the  cavitation  front  in  very 
close  t  the  region  of  zero  pressure  calculated  by  the  method  of  Appendix  I. 

Measurements  were  also  made  of  tho  radius  Kc  0f  the  cavitation  region  and  of  the 
maximum  perpendicular  distance  from  the  plSTo  that  cavitation  occurred,  Xc.  The 
time  after  impact  at  which  tho  picture  was  taken  .t<j  was  calculated  from  "Clie  value 
of  Xj;  2/ .  These  values  are  shown  in  Table  II,  together  with  the  corresponding  time 
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TABLE  I.  Cavitation  data  for  atael  plates  In  UERL  dlaphrana  gage. 


Fig. 

No. 

Film 
'  No. 

Charge 

height  Distance 

(gm)  {In.) 

.6 

ijU  BSC 

Plate 

i)  Thickness 
{in.) 

Cavitation 
Time  ©c 
( JJL  see) 

R/o' 
{  fX  eeo 

Cavitation 
)  Observed? 

2 

50 

12 

35 

0.013  ■ 

6 

29 

yes 

3 

50 

14 

35 

.013 

6 

29 

yea 

23 

1 

50 

24  • 

40 

.025 

8 

29  ■ 

yes 

218 

50 

24 

JO 

.040 

12 

29 

ye  s 

24 

219 

50  ’ 

24 

40 

.039 

12 

29 

yoc 

■220 

500 

48 

'  80 

,038 

15 

29 

yes 

5 

50 

12 

35 

.074 

17 

29 

yes 

25 

19 

250 

..  ,.30 

55 

.073 

29 

yes 

26 

70 

250 

36 

55 

.076 

•uO 

29 

yea 

27 

.  24 

50 

. 12 

35 

.156 

28 

29 

no 

23 

250  ' 

30 

55 

.156 

34 

29 

no 

4 

50 

12 

35 

.500 

45 

29 

no 

21 

75 

12 

40 

.500 

48 

29 

no  , 

22 

75 

12 

40 

.500 

48 

29 

no 

31 

75 

12 

40 

.500 

48 

29 

no 

Figs  30-33.  Cavitation  from  "free"  plates. 
Initial  shock  wave  B=  Reflected  wave 


tfj  found  from  the  shock  wave  position.  The  radius  of  the  cavitation  region  Rc 
was  also  calculated  and  the  values  are  shown  in  Table  II  together  with  the  — 
measured  values.  In  the  calculation  it  was  assumed  that  cavitation  takes  place 
only  in  the  region  where  the  pressure  dropB  to  zero  before  the  corapressional 
diffraotion  wave  from  the  edge  of  the  plate  arrives. 2/ 

It  is  assumed  that  once  cavitation  appears,  it  persists  for  some  time  after  the 
diffraction  wave  from. the,  edge  of  the  plate  has  reached  it.  (See  Section  III, 

1,  d.)  The  rather  good  agreement  of  the  calculated  and  observed  results  for  both 
sets  of  values  argues  that  the  assumptions  made  in  the  calculations,  including 
the  low  valuo  for  the  tension  necessary  for  cavitation,  are  roughly  correct. 

The  target  used  to  obtain  Figure  33  was  an  essentially  completely  free  plate  which 
is  illustrative  of  several  experiments.’ '"A  small  can  filled  with  air  was  hung  with 
its  open  end  down  and  the  disk  was  supported  at  the  air-water  interface  on  small 
clips  which  offered  no  resistance  to  its  motion.  The  fact  that  no  essential 
difference  is  shown  between  those  experiments  and  the  type  illustrated  by  Figure 
29  indie  at  on  that  plates  mounted  as  in  Figure  2.9  wore  essentially  "free"  plates. 

(c)  Cavitation  from  objects  other  than  plane  surfaces.  —  A  single  photograph  of  an 

early  UERL  cylinder  token  200  sec  after  impact  of  a  shock  wave  from  a  65  gm 
tetryl  charge  30  in.  distant  showed  a  considerable  region  of  cavitation.  This  is 
seen  in  Figure  34;  the  cylinder  is  not  shown  because  of  the  restricted  field  of 
view.  The  cylinder  axis  in  parallel  to  the  plane  of  the  photograph  and  the  top 
edge  of  the  cylinder  is  in  view  at  the  lower  edge  of  the  picture.  Figure  35  shows 
cavitation  off  the  side  of  a  4.5  x  5  x  0.011  in.  paint  can  129  11  sec  after  being 
damaged  by  a  25  gm  charge  48  in.  aw  ay.  ' 

Figures  36,  J1 ,  and  38  demonstrate  that  no  cavitation  occurs  when  a  l/4  in. 
piezoelectric  gage ,  or  a  Hartman  type  momentum  gage  or  a  5  x  5  in.  cylinder  of 
steel  I3  hit  by  a  shock  wave  from  250  gm  of  tetryl  at  30  in. 

(d)  Disappearance  of  cavitation.  —  If  tho  cavitation  bubbles  oonsist  simply  of 
water  vapor,  it  seems  hard  to  understand  why  these  bubbles  persist  for  long  times 
after  the  pressure  has  returned  to  tho  hydrostatic  level.  In  an  attempt  to  cast 
some  light  on  this  problem,  a  series  of  experiments  was  performed  in  which  cavita¬ 
tion  was  allowed  to  disappear  spontaneously,  whils,  in  another  Berios,  auxiliary 
shock  waves  were  passed  into  tho  cavitation  region. 

Figures  39,  40,  41,  42,  and  43  show  a  sories  of  photographs  in  each  of  which  n 
0.002  J_n.  brass  diaphragm  oupportod  by  a  6  in.  pipe  was  ruptured  by  a  25  gm  charge 
12  in.  away.  The  picutres  aro  taken  at  different  times  after  the  impact  as  shown. 
The  finest  bubbles  begin  to  disappear  by  125  U. one  and  there  is  only  a  trace  of 
cavitation  left  at  400  jy,  sue .  / 

Figures  44,  45,  46,  47,  48,  and  49  show  the  effect  of  an  auxiliary  shock  wave. 

The  auxiliary  charge,  data  for  which  are  given  in  Table  III,  is  detonated'  at  the 
3ame  time  as  tho  charge  causing  cavitation  either  by  means  of  primacord  or  the 
simultaneous  cap  method.  It  may  be  seen  that  increase  ir  the  pressure  of  the 
auxiliary  shock  wave  results  in  more  effective  destruction  of  the  cavitation, 
that  increase  in  time  constant  has  but  llttlo  effect,  and  that  the  large  bubbles 
are  much  more  resistant  than  the  fine  bubbles. 

(e)  Cavitation  caused  by  oblique  reflection  of  shock  waves  from  air-water  Interfaces.  - 
Experiments  were  performed  to  discover  whether  thore  was  a  critical  angle  of 
reflection  from  a  water-air  interface  beyond  which  no  cavitation  would  occur .  Tho 


2/  In  computing  the  time  at  which  the  diffraction  wave  relieves  the  tension  in  front 

of  the  plate,  it  must  be  remembered  that  the  front  of  the  diffraction  wave  may  actually 
reduce  the  pressure  in  front  of  the  plate  and  only  in  later  stages  raise  it,  since 
initially  the  pressure  is  higher  in  front  of  tho  plate  than  in  the  surrounding  water. 

It  is  only  when  the  plate  is  surroundud  by  an  infinite  baffle  that  the  diffraotion 
wave  is  always  positive  relative  to  the  existing  prossure. 
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Table  II. 


Susa&ry  of  re salts  of  studies  of  cavitation  from  simulated  free  plates . 


Tig. 

No. 

Film 

No. 

Inside 
Radius 
of  pipe 
(in.) 

Thick¬ 
ness  of 
disk 
(in.) 

Radius 
of  disk ' 
(in.) 

Charge 

Weight 

Charge - 
plate 
dis¬ 
tance 
(in.) 

Time 

Con¬ 

stant 

of 

Shock  ' 
Wave 

6  (mic¬ 
rosec) 

-  <£L 

Rc(calc)  R  (obs.) 

Tin.)  (!n.) 
radio* 
of  cavi¬ 
tation 
region 

x  (obs) 

(Sn.) 

Length 
of  cavi¬ 
tation 
region 

t  (calc)  t8fobs) 
(micro-  (micro- 
aec)  sec) 

77 

2.78 

.154 

1.65 

25 

24 

32 

1.59  . 

1.98 

1.5 

2;0 

47  . 

48 

79  • 

R 

R 

B 

150 

It 

.  44' 

2.19 

1.78 

1.5 

2.4 

56 

53 

30 

SO 

tt 

ft 

1.00  ■ 

!t 

It 

/  t  ' 

2.19. 

1.78 

1.9 

2.6 

58 

59 

83 

1.78 

H 

1.65 

25 

12 

24 

1.20 

1.12 

1.1 

1.8 

42 

46 

31 

85 

M 

It 

It 

150 

24 

44 

2.19 

0.78 

-0.6 

3.2 

69 

76 

32 

8S 

2.63 

.255 

2-33 

II  • 

it 

44 

1.33 

1.46 

1.1 

r.25 

47 

48 

93 

1.55 

.154 

1.38 

n 

44 

2.19 

0.55 

0.3 

-  — 

2 

66 

95 

1.55 

R 

ft 

250 

rt 

51 

2.54 

0.46 

None 

— 

No 

74 

Cav, 

97 

1.79 

.382 

1.66 

150 

n 

44 

0.88 

0.48 

0.3 

1.8 

59 

67 

99 

it 

It 

rt 

n 

ti 

44 

0.88 

O.48 

0.5 

2.5 

72 

81 

100 

1-55 

.190 

1.38 

n 

n 

44 

1.78 

0.48 

0.3 

2.4 

58 

59 

201 

2.63 

.502 

2.47 

25 

12 

24 

0.37 

1.80 

1.1 

3.0 

78 

78' 

202 

1.80 

.382 

1.76 

250 

24 

51 

1.02 

0.33 

...0.2"-- 

■2.8 

76 

85 

203 

1.55 

.190 

1.34 

n 

n 

51 

2.06 

0.37 

None 

— 

204 

1.80 

1.06 

1.63 

n 

" 

51 

0.37 

0.04 

None 

No 

96 

. 

-- 

. 

Cav. 

214 

1.60 

0.150 

1.55 

25 

12 

24 

1.20 

0.95 

0.90 

2.2 

48 

54 

33 

216 

It 

II 

rt 

rt 

24 

1.20 

0.95 

1.0 

1.2 

a 

38 

Tflblo  III.  Experimental  conditions  applying  to  the  photographs  of  Ftps,  39  -  49. 

Target,  .002  in.  air-backed  brass  diaphragm  over  end' of  6  in.  pipe. 
Cavitation  producod  by  25  g  loose  to  try  1  charge. 

Dictanco  from  target  to  cavitation  producing  changes,  12  in. 


Auxiliary  charge  and  ohock-wavo  data  _  Approximate  time 


Figure 

Number 

Charge 
'  Weight 
(g) 

Charge  to 
~hock  wave 
distance 
(In. ) 

Calc.  Peak 
pressure 
(lh/iO 

Calc,  time 
constant 
(m'crosuc) 

interval  between 
impact  of  cavita¬ 
tion  producing 
wave  and  picture 
(microsec) 

39 

None 

75 

40 

None 

125 

41 

None 

175 

42 

None 

225 

43 

None 

400 

44 

25 

20.5 

4400 

30 

125 

45 

150 

40. 

4000 

49 

235 

46 

150 

35. 

4600 

48 

125 

47 

250 

44- 

v.00 

60 

125 

48 

250 

14.5 

13000 

45 

125 

49 

25 

35.5 

2500 

35 

90 

27 


=  Initial  shock  wave 


Figs  39-43  Spontaneous  disappearance  of  cavitation  at  v 


water-air  interfaces  were  provided  by  filling  with  air  to  hydrostatic  pressure  a 
6  in.  pipe  open  on  the  bottom  as  shown  in  Figure  50.  Other  experiments  were 
carried  out  substituting  a  20  x  10  in.  shoot  metal  trough  for  the  pipe,  and 
finally  by  using  the  surface  of  the  sea  on  a  calm  night.  It  was  found  that  such 
a  critical  angle  existed  and  was  greater  for  greater  size  of  Burface. 


The  results  of  tho  experiments  with  the  six  in.  pipe  nre  listed  in  Table  IV, 
and  six  representative  pictures  are  shown  in  Figures  51,  52,  53,  54,  55,  and  56. 
The  critical  angle  is  about  70°  for  the  conditions  of  those  experiments. 


Table  IV  Data  of  Experiments  on  Oblique  Reflection  of 

Shuck  Waves  from  Water-air  Intorfnoes 


Fig. 

No. 

Film 

No. 

Charge 
Weight 
.  (gins) 

Distance, 
Charge  to 
Shock  Front 
(in.) 

Angle  of 
Incidence 

(dosrees) 

Kst.iBE.t9d 

Peak 

Pressure 

(lbs/in.2) 

Cavitation  7 

51 

256 

25 

23  1/2 

0 

3700 

yoa 

52 

270 

250 

45 

45 

4200 

yes 

- 

258 

25 

22  1/2 

50 

3900 

yes 

- 

261 

25 

19  1/2 

56 

4500 

yes 

53 

264 

25 

19  1/2 

62 

4500 

yes 

.54 

265 

250 

45  1/2 

69 

4100 

no 

55 

259 

25 

21 

70 

4200 

no 

-- 

267 

25 

20  1/2 

71 

4300 

7 

- 

269 

250 

46 

71 

4100 

CO 

56 

257 

25 

23 

90 

3800 

no 

With'  the  large  trough,  pictures  have  been  taken  up  to  80°  and,  using  the  surfaci 
of  the  ocean,  up  to  83°.  Cavitation  wan  present  in  all  cases,  although  it  was 
much  fainter  at  the  larger  angles,  Seo  Table  V  for  complete  data  and  Figures 
57,  5 8,  59,  and  60  for  typical  examples. 
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Figs,  51-56.  Oblique  reflection  of  shock  waves  from  water -air  interface  (6  in.  diameter). 

A=  Initial  sr.ock  wave  B=  Reflected  wave 


2  8  3 


Table  V, 


Data  of  experiments  on  oblique  reflection  of  shock  waves  from 
20  in.  bv  10  In.  Water-air  Interface.  and  from  ocean  surface. 


Fig. 

Mo. 

Film 

No. 

Charge 

Weight 

Charge 

below 

surface 

(in.) 

Charge-to- 

shook 

front 

(in.) 

Estimated 
peak  pressure 
at  time  of 
photograph 
(lb./in.2) 

Angle  of 

incidence 

(degrees) 

Surface 

Qualitative 
description 
of  cavitation 

57 

231 

25 

6 

20 

4400 

73 

Trough 

Heavy 

282 

25 

4 

24 

3300 

81 

n 

Heavy 

(  Fig.  58) 

58 

283 

250 

12 

45 

3700 

75 

r 

Heavy 

284 

250 

8 

46 

3600 

80 

■ 

Light 

(  Fig.  59). 

285 

25 

12 

45 

2000 

75 

« 

Heavy 

(  Fig.  57) 

286 

25 

12 

50 

1800 

76 

it 

Moderate 

(  Fig.  60) 

59 

288 

25 

12 

68 

1300 

80 

n 

Light 

289 

25 

12 

7C 

1300 

80 

n 

Moderate 

(  Fig.  60) 

297 

25 

12 

73 

1200 

81 

Ocean 

Moderate 

(  Fig.  60) 

401 

25 

8 

75 

1200 

84 

It 

Light 

(  Fig.  60) 

60 

402 

25 

■  U 

74 

1200 

79 

It 

Moderate 
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Uncorrected  for  optic*!  distortion 


2*  Inve  stlgatlon  of  the  effect  of  shape  of  charge  and  point  of  detonation  on  shock  wave 

and  bubble 

Photographs  (reporduced  in  Figures  61  to  103 >  of  uhe  shock  wave  and  bubble 
surrounding  spherical,  cylindrical  and  conical  charges  weighing  approximately  l/2  lb. 
have  been  taken  at  intervals  ranging  from  10  to  2(X4  microseconds  after  the  initiation 
of  detonation  at  various  points  in  the  charges.  It  has  been  found  that  the  shock  wave 
tends  rapidly  to  become  spherical  after  it  leaves  the  charge.  A  graph  (Figure  103) 
giving  bubble  sizo  as  a  function  of  shock  wave  rudius  for  spherioal  charges  of  this 
type  is  also  included. 

The  charges  were  all  of  cast  pentolite  and  wore  bare  except  for  a  waterproof 
coating.  The  cylinders  were  cast  in  the  following  1 ongth-to-dinmeter  ratios  (keeping 
the  weight  constant)*  1*1,  2*1,  4*1,  8:1.  The  conns  were  of  the  same  weight  as  the 
cylinders  and  were  equilateral.  Timing  of  the  detonation  of  thn  main  charge  and  the 
flash  charge  was  accomplished  by  the  simultaneous  firing  of  two  No.  ft  seismographio 
(SSS)  DuPont  oaps  connected  in  scries,  the  delay  interval  being  determined  by  a  suitable 
length  of  primacord  extending  from  one  cap  to  the  flash  charge;  tho  other  cap  was  in¬ 
serted  in  a  well  provided  in  tho  main  chargu.  One  cylinder  of  each  shape  was  detonated 
at  the  center  and  unothor  at  one  end.  Of  the  cones,  one  wan  detonated  at  tho  apex, 
another  at  the  contor  of  the  bane  arid  a  third  at  tho  "center"  defined  as  the  point 
equidistant  from  the  baue  and  tho  conical  wall.  As  control  tests,  photographs  at  the 
aame  time  Intervals  were  taken  of  cunt  pontolito  spheres  of  the  same  weight  and 
detonated  from  tho  center. 

The  experimental  set-up  for  those  shots  consisted  simply  of  the  main  charge,  the 
flaGh  charge,  the  camera,  and  occasionally  a  translucent  diffuoing  screen.  The  main 
charge  waa  suspended  in  front  of  the  camera  by  strings  cast  in  tho  charge;  the  flash 
charge  was  mounted  on  tho  lino  from  tho  camera  to  the  main  charge,  and  behind  the 
main  charge  as  viewed  from  the  camera.  T'lio  diffusing  screen,  when  used,  waa  mounted 
between  tho  flash  charge  and  tho  main  charge.  For  tho  10  and  50  microsecond  series, 
the  distance  from  tho  camera  to  the  main  charge  was  about  60  in.;  the  distance  from 
the  main  chargo  to  the  flash  charge  naa  about  24  in.  For  tho  100  microsecond  series, 
the  distances  wore  about  76  in.  and  32  in.  ro npoctively ,  and  for  tho  200  microsecond 
serien,  tho  distances  were  about  112  in.  and  46  in.  respectively. 

In  sonic  of  tho  spherical  charge  control  shots,  two  straight  steel  rods  3/8"  in 
diameter  and  about  6  ft.  long  woro  mounted  perpendicular  to  the  camera-charge  axis 
and  in  the  plane  of  the  center  of  tho  main  charge;  the  ends  of  these  rods  pointed 
toward  tlio  charge  and  were  placed  so  as  to  be  .In at,  outside  tho  bubble  at  the  instant 
of  tho  photograph  (Figures  62  -  64).  Knowing  the  distance  between  tho  two  ends,  it 
was  possible  to  obtain  an  estimate  of  the  optical  distortion  of  the  bubblo.  Tho  rods 
were  sufficiently  long  so  that  the  shock  wave  in  tho  rod  had  not  reached  tho  far  end 
of  the  rod  at  the  instant  of  tho  photograph;  hence,  motion  of  the  near  end  of  tho  rod 
could  not  occur  up  to  the  instant  of  the  photograph  except  by  elastic  compression  of 
tho  rod.  1  his  amount  Is  well  under  h.l  in.  in  all.  oases.  The  ends  of  the  rods  were 
calculated  from  tho  photograph  to  bo  about  %  (2  to  8£)  farther  uport  tlian  they 
actually  were  which  indicates  that  tho  diameter  of  the  bubble  must  have  been  magnified 
by  tho  shock  wave  by  this  amount. 

The  photographs  are  reproduced  in  Figures  61  to  100.  Tho  50,  100  and  200  micro¬ 
second  series  are  complete;  tho  10  microsecond  codes  is  not  complete,  but  the  pictures 
which  are  available  for  tills  time  interval,  are  presented  and  also  some  other  photographs 
which  are  of  interest  although  they  do  not  fall  into  any  of  the  four  time  groups.  The 
data  for  each  figure  appear  on  the  page  opposite  the  figure,  and  include  lengths  of  the 
vertical  and  horizontal  axes  ol  the  shock  wave  and  bubble  as  determined  from  measure¬ 
ments  on  the  original  negatives  and  the  lens  equations.  From  previous  optical  tests 
(See  III,  5,  d),  it  is  believed  that  tho  shock  wave  axes  thus  determined  are  accurate 
to  within  odo  inch. 

Each  photograph  is  a  doublo  oxposure  due  to  the  relatively  weak  flash  of  light 
given  off  by  the  main  charge  before  detonation  of  the  flash  charge,  the  camera  shutter 
being  open  during-  the  whole  Interval.  This  causes  an  image  of  the  original  charge  to 
appear  on  thu  film. 
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e’.j'J'  cterc! ,  detonated  at  "center 
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Uncorrected  for  optical  distortion 


Distance  between  inside  edges 
of  ecale  markings  (in.) 

*  Unconnected  for  optical  distortion 


Detonated  at  top  end 


378 


De'crctec  at  top  end 


h  86 


Uncorrected  for  opt i cal  distortion 


Data  for  Figs._87  through  93. 

Cylinders,  1-7/16  in.  diameter,  5-7/8  in.  long 
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Uncorrected  for  optical  distortion 
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Gncorrected  for  optical  distortion. 


Data  for  FIkb.  101  through  104:  Miscellaneous  Photographs 


Fig. 

101 

i 

102 

Cylinder;  diameter  (in.) 

2-1/2 

1-1/8  ’  • 

length  (in.) 

2-1/2 

9 

Detonated  at  center 

Estimated  time  after  detonation  (/ceec) 

25  j 

S3 

Shock  wave  axes  (in.) 

Vertical 

8.0 

19.4 

Horizontal 

7.7 

13.1 

Bubble  axes  (in.)  * 

Vertical 

4.9 

12.7 

Horizontal 

5.4 

4.2 

Distance  between  inside  edges 

of  scale  markings  (in.) 

7 

13 

Fig.  103 

Cylinder}  diameter  (in.]  1-3/4. 

length  (in.)  3-1/2. 

Detonated  at  top  end. 

Shock  wave  just  emerging  from  top. 


Fig.  104 

Flash  photograph  following 
detonation  of  Ensign-Bickford 
primacord . 


*  Unoorreeted  for  optical  distortion. 
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Fig  103  .  Fig  104 

Figs  101-104  Miscellaneous  photographs 


Because  of  distortion  occurring  in  reproduction,  horiaontal  and  vertical  scales  are 
provided  in  the  photographs  in  the  form  of  blaok  or  white  lines  drawn  on  the  prints.  The 
distances  between  the  inside  edges  of  the  lines  corresponds  in  the  actual  experiments  to 
7  in.  in  the  10  and  50  microsecond  series  pictures  and  the  miscellaneous  photographs, 
to  13  in.  in  the  100  microsec.  eeriee  and  to  26  in.  in  the  200  microseo.  series. 

The  pieces  of  some  of  the  longer  cylindrical  eharges  which  had  been  broken  in 
handling  were  rejoined  after  fusion  at  the  points  of  fracture.  It  is  interesting  to 
note  that  the  remelted  parts  are  visible  in  the  photographs.  In  many  of  the  photographs, 
twine,  pieces  of  detonator  wire,  and  part  of  the  detonator  itself  are  visible  in  addition 
to  the  charge,  bubble,  and  shock  wave. 

The  focal  length  of  the  camera  lens  was  determined  at  two  distances  by  photographing 
a  grid  underwater  so  that  calculations  based  on  the  lens  equations  could  be  made.  In  so 
doing,  it  was  found  that  the  lens  used  gave  some  "pincushion"  distortion  of  rectangular 
objects,  but  this  distortion  is  not  sufficient  to  change  the  relative  axial  lengths  by 
an  amount  greater  than  0.6  in. 

Figure  105  shows  the  relation  between  bubble  radius  and  shock  wave  radius  for  l/2 
lb.  spherical  charges  of  cast  pentolite.  Since  the  time  intervals  for  these  shots  can 
be  estimated  from  the  positions  of  the  shock  waves,  an  approximate  time  scale  is  also 
included. 

Figure  106  indicates  the  rates  at  which  the  shook  waves  from  the  asymmetric 
cylindrical  charges  approach  a  spherical  shape. 


3.  Pressure  and  time-constant  measurements  of  shock  waves  by  optical  distortion. 

Several  photographio  methods  have  been  developed  which  allow  calculation  of  the 
peak  pressure  of  a  shock  wavs,  and  for  one  of  these  methods  the  calculations  have  been 
extended  to  make  possible  an  evaluation  of  the  time  oonBtant  of  the  shock  wave.  These 
methods  make  use  of  the  fact  that  light  raya  passing  through  a  Bhock  wave  at  favorable 
angles  are  considerably  distorted  due  to  the  increase  of  refractive  index  in  the  region 
of  high  pressure.  A  detailed  theoretical  dismission  of  these  methods  is  to  be  found  in 
Appendix  II. 

(a)  Spherical  shock  wave:  charge  not  on  the  optical  axlBt  charge  In  grid  plane.  — 

The  arrangement  with  which  most  of  the  work  has  been  done  involves  placing  a 
transparent  lucite  grid  marked  off  with  lines  l/4  in.  apart  in  front  of  the 
camera,  and  the  shock-wave -producing  charge  off  to  one  side  and  in  the  same 
plane  with  the  grid.  (See  Figure  133,  Appendix  II.)  A  flash  charge  is  placed 
behind  the  grid  and  is  timed  by  means  of  primacord  to  go  off  when  the  shock  wave • 
from  the  main  charge  ia  crossing  the  grid.  The  results  of  both  peak  pressure  and 
time-constant  determinations  from  four  shots  using  this  method  agree  essentially 
with  TJERL  piezoelectric  results  for  similar  conditions. 

(i)  Peak  pressure.  Two  of  these  four  shots  were  made  with  250  gm  tetryl  as 

the  main  charge,  and  the  photographs  were  taken  when  the  shook  wave  radius 
was  about  15  in.  One  of  these  photographs  is  reproduced  in  Figure  107.  The 
theory  (Appendix  II, 1)  relates  the  amount  of  apparent  displacement  of  an 
individual  intersection  of  grid  lines  with  the  average  refractive  index  of 
that  section  of  the  shook  wave  through  which  the  corresponding  light  ray  must 
pass.  This  average  refractive  index  is  then  converted  to  the  corresponding 
pressure,  pav,  This  calculation  is  made  for  several  grid  intersections  at 
different  ratii.  Plotting  (on  semi-log  paper)  log  against  the  corres¬ 
ponding  distances  of  the  raid-points  of  the  refracted“xight  rays  behind  the 
shock  front,  (iRl  -  rav) ,  a  straight  line  is  obtained  to  within  the  pre¬ 
cision  of  measurement.  Figure  108  is  such  a  plot  for  a  shock  wave  14.9  in. 
from  a  250  gm  tetryl  charge,  while  Fig3.  109  and  110  are  the  results  of 
measurements  on  two  different  prints  of  another  shock  wave  14.4  in.  from 
250  gm  tetryl.  The  average  deviations  from  the  straight  lines  drawn' are 
approximately  7%,  &%,  and  3%,  respectively.  The  peak  pressure  is  assumed 
to  be  the  extrapolation  of  this  line  to  zero  distance  behind  ‘the  front.  Any 
errors  introduced  by  assumption  that  the  calculated  p  ' g  correspond  to  the 
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Babble  radios  (in.) 


Approximate  time  seals 


fx^aeo) 


10  tO  30  40  SO  60  70  80  110  140  170  200 


Tig.  105.  Bubble  radius  tb.  shock-ware  radius  for  £  lb  oast  penfcolite 
(spherloal  oharge). 


Shook-ware  radius  of  spherloal  oharge 

after  same  time  lnterral  (units  of  oharge  radius) 


Tig,  106,  Ratios  of  long  axis  to  short  axis  of  shook  wares 
fro*  asymmetric  oyllndere  ra.  shook- ware  radius  (In  oharge  radii) 
for  spherloal  oharge  of  same  weight  and  after  same  time, 
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points  of  mean  distanoe  of  the  light  rays  behind  the  shock  front  should  go 
to  aero  in  this  limit.  The  peak  pressure  obtained  from  two  prints  of  the 
same  shot  (Figures  109  and  110)  agree  to  within  4.5/6  (17,200  and  18,000 
lbs. /in. 2).  Correcting  the  result  from  Figure  108  (praax  -  16,700  lbs. /in.2) 
to  a  shock  wavs  radius  of  14.4  in.,  using  a  distance  exponent  of  1.13,  one 
obtains  a  pressure  of  17,400  lbs. /in. 2,  which  agrees  with  the  average  of 
Figures  109  and  110  to  within  1.556. 


This  method  of  peak  pressure  determination  was  also  applied  success¬ 
fully  to  the  other  two  shots,  consisting  of  ca.  the  equivalent  of  os. 

364  gm  TNT  and  using  a  shock  wave  radius  of  ca.  16  in.  Measurements 
were  made  at  several  pairs  of  grid  line  intersections  for  each 
of  the  two  films.  The  values  of  log  pav  were  plotted  against  (IRl  -  rav)  as 
before  and  one  straight  line  was  drawTTthrough  the  data  from  both  films, 
since  the  value  of  l£l,  the  shook  wave  radius,  for  the  two  films  was  identical. 
Extrapolation  of  this  line  to  IRl  -  rav  -  0  gave  a  value  for  Pmax  of  17,050 
lbs./ln.2t  This  plot  ie  given  in  Figure  111.  The  average  deviation  of  the 
points  from  the  straight  line  is  oa  5.556,  with  no  systematic  difference 
between  the  points  for  the  two  shots. 


(ii)  Time-constants.  The  results  for  the  two  torpex  shots  were  also  used  for 
calculation  of  t ins-constants  of  the  shock  wave.  Sinoe  the  detailed 
development  of  the  theory,  together  with  a  sample  oaloulation,  ie  given 
in  Appendix  IX,  only  the  results  will  be  reported  here.  In  general,  the 
calculations  are  considerably  more  tedious  than  for  the  peak  pressures. 


Five  points  were  used  in  the  calculations,  two  from  one  shot  and  three  from 
the  other.  The  ones  whose  images  were  the  clearest,  and  thus  the  most 
accurately  measured,  were  seleoted.  They  were  picked  from  the  plot  of 
Figure  111  at  different  values  of  (|RI  -  r._)  and  at  different  deviations 
from  the  line.  The  results  of  the  calculations  are  shown  in  Table  VI. 


Table  VI.  Re suit a  in  the  evaluation  of  time  constant. 


Film  No. 

Point  No. 

(in.) 

r>  -  D_ 
(in.) 

e+ 

(  1  it  sec) 

536 

22 

0.61 

3.15 

14.76 

A  — 

39.1 

537 

5a 

0.63 

3.39 

14.72 

41.3 

537 

12 

0.94 

3.23 

14.11 

39.6 

536 

8 

0.97 

3.68 

14.03 

43.8 

537 

18 

1.13 

3.09 

13.71 

38.1 

Av;  ©■£  »  40-4 

/<seo,  avarags  deviation  from  mean  • 

■  1.7  yit  890, 

• 

It  will  be  noted  that  there  Is  no  systematic  trend  of  9-j.  with  distance 
of  the  point  selected  for  oaloulation  behind  the  shook  front  (  |R|  -rav) . 
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(ill)  Summary  and  remarks.  As  shown  in  Figure  111,  the  peak  pressure  of  the  shook 
wave  produced  by  0&.3&4  B®  TNT  at  16.0  in.  is  17,050  lbs. /in. 2.  The  results 
for  both  peak  pressure  and  time  constant  are  in  essential  agreement  with 
piezoelectric  results  obtained  at  UERL  both  for  small  bare  charges  and  depth 
bombs  (scaled  down).  The  agreement  is  within  the  accuracy  of  either  method 
for  these  experimental  conditions  (oa  10$) . 

This  experimental  method  haa  the  disadvantage  that  the  results  obtained  are 
rather  sensitive  to  the  geometry  of  the  experiment.  For  example,  to  obtain 
the  desired  accuracy  for  those  shots,  the  point  at  which  the  line  from  the 
camera  lens,  perpendicular  to  the  grid,  intersected  the  grid  had  to  be  deter¬ 
mined  in  the  actial  set-up  to  within  1/16  in.  For  this  reason,  a  single 
rigid  frame  had  to  he  used  to  support  the  camera,  the  main  charge,  and  the 
grid.  It  has  been  demonstrated,  however,  that  the  method  is  satisfactory 
if  the  experiment  is  carefully  set  up. 

Further  experiments  in  fresh  water  for  comparison  with  those  made  in  salt 
water  should  be  done. 

Spherical  shook  wave;  charge  on  the  optical  axlBi  charge  in  grid  plane.  — 

The  theory  for  peak  pressure  determination  has  been  worked  out  for  an  experimental 
arrangement  similar  to  that  of  Section  (a)  except  that  now  the  charge  is  located 
directly  in  front  of  the  camera  (fee  Appendix  II,  2).  Figure  112  (Film  526) 
shows  a  photograph  obtained  according  to  this  method. 

Kon-spherloal  shook  wave:  charge  on  tho  optical  exist  charge  in  grid  plane.  — 

The  theory  for  peak  pressure  determination  has  also  been  worked  out  for  an  experi¬ 
mental  arrangement  similar  to  that  of  Section  3(b)  except  that  tho  shock  wave 
surface  is  not  required  to  be  spherical,  but  expressible  only  by  3ome  definite 
equation  of  the  form  f(x,  y,  z)  =  0  (See  Appendix  II,  3). 

Spherical  shock  wayei  charge  on  the  optical  axis:  charge  in  front  of  grid  plane.  — 
Partly  to  increase  the  amounts  of  distortion  measured  on  the  photograph,  and  thus 
improve  the  precision  of  the  measurements,  and  partly  in  an  effort  to  find  an 
experimental  arrangement  in  which  lesB  precision  would  be  necessary  in  setting  up 
the  apparatus,  one  photograph  (reproduced  in  Figure  113  (Film  531) )  has  been 
taken  in  which  tho  grid  was  mounted  in  back  of  the  charge,  ae  viewed  from  the 
camera.  Inspection  of  Figure  138  in  Appendix  II,  4  will  show  how  the  measured 
distortion  is  increased  by  allowing  the  refracted  ray,  (considered  as  projected 
backwards)  to  traverse  a  greater  distance  than  in  the  other  experimental  set-ups. 
Another  evident  advantage  of  this  arrangement  is  that  at  the  time  of  the  photo¬ 
graph  the  shook  wave  need  not  have  reached  the  grid,  so  that  there  is  no  danger 
of  mechanioal  distortion  of  the  grid. 

In  this  particular  shot,  the  charge  was  250  gm  cast  pentolite  and  was  placed  51  in. 
in  front  of  the  camera.  The  grid  was  positioned  8  in.  behind  the  charge,  and  a 
flash  charge  28  in.  behind  the  grid.  Since  the  charge  and  grid  are  at  different 
distances  from  the  camera,  both  the  shock  wave  and  the  grid  cannot  be  in  perfect 
focus,  but  this  is  not  likely  to  be  troublesome  if  a  reasonably  small  lens  aperture 
is  used. 

Not  enough  work  has  been  done  using  this  method  to  warrant  a  comparison  with  the 
method  desoribod  in  Section  III,  3,  (a). 
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4.  Cylinder  Damage  2/ 

<a>  Introduction.  --  After  some  of  the  early  UERL  experiments  on  damage  to  cylindrical 
targets  by  explosions,  it  became  appnront  that  bubble  pressure  was  contributing 
to  a  considerable  extent  to  tho  damage.  Since  bubble  damage  doss  not  scale  in 
the  same  manner  as  ohock-wuve  damage  and  sineo  the  gross  damage  is  the  result  of 
both  bubble  aiiu  uliOuk  nave  damage,  a  preliminary  step  in  the  liiterpi'u  oaoiOu  Of  tll6 
cylinder  results  is  tho  separation  of  shock  vravo  and  bubble  pulso  damage.  Tho 
easiest  way  to  effect  thin  separation  is  by  photography. 

(b)  Still  pictures.  —  Preliminary  still  photographs  taken  between  the  time  of  impact 
of  tho  shock  wavo  and  tho  first  bubblo  pulse  showed  that  damage  was  by  no  moans 
complete  compared  with  the  final  condition  of  the  cylinder.  These  pictures,  some 
of  which  are  shown.,  in  Figures  114,  115,  116,  were  taken  with  a  photoflash  lamp 

'""  "so  that  the  act  of  photographing  the  cylinders  does  not  contribute  to  the  damage. 

O 

(c)  Slow  sneed  movies.  —  Some  motion  pictures  wore  then  t aken  with  the  Victor 
camera  of  3  simple,  small  cylindrical  shells  of  the  S  type  §/ .and  one'  supported 
cylinder -of  the  8A  type  being  damaged  by  a  25  pi  charge.  These  showed  that  the 
unsupported  cylinder  was  praoticully  undamaged  until  the  time  of  the  first  bubble 
pulse  and  was  damaged  by  both  tho  first  and  second  pulses.  The  supported  cylinder, 
on  tho  other  hand,  was  damaged  essentially  completely  by  the  shock  v.ave. 

(d)  High  spoed  movies.  —  Still  another  series  of  experiments  was  performed  with  SD 
class  cylinders  at  depths  of  200,  400  and  580  ft.  Tho  photographs  were  taken  with 
the  Kastman  high  npood  Camara  with  ffJX.  photoflash  lamps  for  lighting.  The 
apparatus  shown  in  Figure  16  was  usnd.  A  representative  film  is  reproduced  in 
Figure  117.  It  shows  that  the  cylinder  was  relatively  stable  after  it  was  damaged 
by  the  shock  wave  but  collapsed  completely  soon  after  the  bubble....pulse.  This 
sequonco  of  events  was  not  followed  for  closer  shots;  in  some  of  tho  latter, 
instability  resulted  from  shook  wave  damage. 

The  sharpness  of  this  sorios  is  duo  to  tho  unusual  clarity  of  the  Bahamas  water 
in  which  the  pictures  wore  taken.  The  Secchi  disk  reading  was  about  135  ft. 

A  complete  description  of  the  cylinder  results  will  be  given  in  a  forthcoming 
report.  2/ 

5.  Miscellaneous  experiments 

(a)  Mach  effect.  —  Three  picturos  wro  taken  of  intersecting  shock  waves  having  a 
peak  pressure  about  700  times  hydrostatic  pressure  (/V  9,500  lb./in.  ) .  in  two 
oases  the  intersection  wa3  obtained  by  reflecting  the  shock  wave  from  a  50  gm 
tetryl  charge  off  a  l/2  In.  steel  plate  12  in.  away,  and  in  the  third  case,  by 
the  shock  waves  from  two  appropri atoly  placod  50  gm  charges.  (See  Figure  118;. 

. 'In  all  three  shots,  the  charges  were  approximately  12  in.  from  the  point  of  inter¬ 
section  of  tho  shook  waves.  Tho  resulting  pLcturos  are  Figures  119,  120,  and  121. 
The  angle  of  intersection  of  the  shock  waves  shown  is  64°,  71°,  and  71°  respective¬ 
ly.  The  Mach  effect  appears  quite  strongly  In  the  last  two  casus.  A  fourth 
picturo  with  an  angle  of  intersection  of  45“  is  pr"senteri  for  comparison  in  Figure 
122,  This  angle  is  outside  .the  Mach  region  and  no  Mach  effect  shows  although  the 
appearance  of .the  .shock  waves  Is  somewhat  distorted  due  to  refractive  Index  dis¬ 
continuity. 

(b)  Shock  wave  from  300  lb.  charge.  —  A  single  flash  picturo  of  tho  shock  wave  from 
a  309  lb.  charge  wan  taken  In  the  Bahamas  at  a  distance  of  65  ft.  and  in  presented 
in  Figure  123  to  show  the  posslbll  H.les  for  full  scale  photography  in  clear  water. 
Although  lack  of  time  prevented  us  from  following  up  this  promising  lead.  It  is 


8/  These  cylinders  are  described  in  a  report  by  J.  G.  Decius  and  P.  M.  Fye,  Damage  to 
Thin  Steel.  Cylindrical  Shells  by  Underwater  Explosions.  ND11C  Report  No,  A-369., 
0SRD  No.  627,7.  **  '  'r 
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UNIT  OF  TIME  =  \  MSEC 


FIG.  117 

CYLINDER  NO.  SD-47-29C 
CHARGE  25.3  G  PRESSED  TETRYI 
CYLINDER  DEPTH  :  580’ 

CHARGE  DISTANCE  -  28" 

OOR:  OVERALL^  0.26%,  FRONT 90°  =  0.122 
BUBBLE  PERIOD:  79  MSEC 
CAMERA  SPEED:  2  500  f-RAMES/SEC 


Intersecting  shock  waves 


Fig.  123.  Shock  wave  from  Fig.  124.  Shock  wave  photo- 

300  ib  charge  65  ft  from  camera.  graphed  at  two  positions  by  doable 

e  x  po  su  r e  tec  h  n  i  qu  e . 


obvious  that  good  pictures  can  be  taken  under  those  circumstances.  A  large  edition 
of  the  conventional  flash  charge  was  used  and  the  equipment,  including  flash  charge 
depth  charge  and  camera  was  strung  out  on  a  line  supported  by  floats.  The  line  was 
stretched  out  by  a  small  boat. 

Pressure  of  shock  wave  determined  from  shock  wave  velocity.  —  One  measurement  of 
average  shock  wave  velocity  was  made  by  a  double  exposure  technique.  Two  flash 
charges  were  employed  and  set  off  about  246  yksec  apart.  It  was  intended  to 
obtain  this  time  difference  accurately  by  meins  of  piezoelectric  gages  strapped 
to  the  two  flash  charges  and  recording  on  an  oscilloscope.  This  part  of  the  expert 
raent  failed,  and  the  time  difference  can  be  estimated  only  from  the  length  of 
primacord  used  to  delay  the  second  flash  charge.  Figure  124  shows  the  shock  wave 
at  the  two  positions  and  a  steel  scale  15.66  in.  long.  The  shock  wave  came  from  a 
third  charge  to  the  left  of  the  field  of  view.  The  average  velocity  determined 
from  this  shot  is  about  5180  ft. /sec.,  or  about  270  ft. /sec.  greater  than  acoustic 
velocity  for  the  conditions  of  the  experiment.  This  corresponds  to  a  pressure  of 
about  8,000  lbs. /in. 2  averaged  over  the  time  interval.  The  average  pressure  over 
this  period  as  determined  from  piezoelectric  gage  measurements  under  similar 
conditir.'.s  Is  about  11,000  lbs. /in.''-.  Considering  the  inaccuracy  of  the  time 
interval  measurement,  this  agreement  seems  satisfactory.  It  is  to  be  noted  that 
since  the  excess  velocity  (over  acoustic)  determines  the  pressure  of  the  shock 
wave,  the  accuracy  of  the  measurement  of  the  total  velocity  must  be  considerably 
greater  then  the  accuracy  desired  for  the  pressure  to  be  determined. 

Experiments  showing  that  the  apparent  positions  of  the  shock  wave  coincides 
closely  with  its  actual  position.  —  Three  experiments  have  shown  that,  under 
the  conditions  ordinarily  employed  at  UERL,  the  position  of  an  underwater  Bhock 
wave  is  within  l/2  in.  of  the  position  indicated  by  Its  flash  photograph. 

In  one  experiment  piezo  gages  were  used  to  obtain  the  time  interval  between  the 
t.ime  of  the  photographic  flash  and  the  time  the  shock  wave  reached  a  known  radius. 
From  the  known  velocity  of  the  wave  it  was  possible  to  calculate  its  true  radius 
at  the  time  of  the  photograph  and  compare  it  with  the  value  computed  from  the 
photographic  image. 

The  250  gm  sph«ro  of  cast  pentolite  which  produced  the  shock  wave  to  be  ‘photo¬ 
graphed  Y?as  detonated  simultaneously  with  the  initiation  of  a  46  in.  length  of 
primacord  leading  to  the  flash  charge.  The  time  of  the  photograph  was  thus  about 
185  jU.  sec  after  the  start  of  the  shock  wave.  A  small  tourmaline  gage  fastened 
to  the  shock  wave  charge  served  to  turn  on  the  oscillograph  spot  for  a  rotating 
drum  camera,  while  a  similar  gage  on  the  flash  charge  signalled  the  time  of  the 
photograph.  A  third  gage  17  l/4  in.  from  the  shock  wavb  charge  noted  the  arrival 
of  the  shock  wave  at  this  radius.  The  diagram  shows  the  arrangement  used. 


The  radius  at  the  time  of  the  photograph  was  14.7  ±0.2  in.  as  calculated  from 
the  positions  of  the  gages  and  the  measured  time  intervals.  Values  for  the 
velocity  of  sound  were  taken  from  "Tables  of  the  Velocity  of  Sound  in  Pure  Water 
and  Sea  ?’ater  for  use  in  Echo  Sounding  and  Sound  Ranging"  (Second  Edition)  by 
D.  J.  Mathers.  These  were  corrected  for  the  effect  of  finite  pressure  in  the 


shock  front  by  moans  of  tho  data  of  Kirkwood  and  Montroll.  2/  Since  the  distance 
between  the  shock  wave  and  tho  piezo  gage  at  position  A  was  only  2.25  in.  at  the 
instant  of  the  photograph,  these  corrections  amount  to  less  than  0.25  in. 


A  similar  experiment  was  carried  out  with  tho  shock  wave  chargo  junt  out  of  the 
field  of  view  and  with  a  dlFfiialnn  am  inn  between  the  flesh  charge  and  shock  wave. 
Tho  viuil.fi  pot.-np,  Rhovm  tn  the  diagram  be  low, 

Screen  +  =  Positions  of  ' 


Charge 


Figure  1  ?6 


is  similar  to  that  used  in  this  laboratory  for  cavitation  studies.  The  resulting 
photograph  is  shown  in  Figure  129.  From  it  ono  obtains  a  distance  of  3.44  in. 
from  tho  shock  wave  to  the  piezo  gage  aa  compared  with  a  value  of  3.36  in.  calcu¬ 
lated  from  the  piezo  records. 

A  third  experiment  compared  tho  image  of  the  shock  wave  with  the  projection  of  its 
shadow  on  a  translucent  screen.  No  piezo  gages  were  involved.  Two  translucent 
paper  screens  were  put  in  the  same  plane  with  the  shock  wave  charge  and  perpendicu¬ 
lar  to  tho  lino  from  the  camera  to  the  charge.  The  charge  and  screens  as  viewed 
from  the  camera  are. sketched  below; 


The  whole  Get-up  is  shown  from  tho  top  in  the  following  sketch j 


2/  The  pressure  wave  produced  by  an  underwater  explosion  II.  July  1,  1942,  by  J.  G, 
Kirkwood  and  E.  W.  Moncroll,  05RD  Roport  670, 
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FIG.  129  FIG.  130 

PHOTOGRAPHS  FROM  WHICH  AGREEMENT  BETWEEN 

TRUE  AND  APPARENT  SHOCK-WAVE  POSITIONS  IS  OBTAINED. 


the  resulting  picture  is  reproduced  in  Figure  130.  The  image  of  the  shock  stave 
sphere  and  tho  image  of  the  shadow  projection  of  the  shock  wave  Ephere  are  seen 
nearly  to  coincide.  Oti  the  average,  however,  the  radius  of  the  shadow  projection 
appears  greater  than  the  radius  of  the  shook  wave  by  an  amount  corresponding  to 
0.25  in.  the  geometry  of  the  experiment  would  require  a  radius  difference  of 
0.65  in.  The  discrepancy  is  within  the  limits  of  experimental  orror. 

Luminosity  of  charges  exploded  underwater.  —  It  la  shown  elsewhere  in  this  report 
(Sec.  Ill,  2)  that  bare  charges  of  cast  pentolite  were  observed  to  emit  light  when 
detonated  underwater.  Photographs  indicate  this  light  to  be  of  very  short  duration, 
probably  less  than  1  JU  sec,  because  of  the  detail  visible  (numbers  on  the  charges, 
cracks,  etc.)  and  because  there  is  no  blurring.  Foreseeing  possible  uses  for  this 
flash  of  light  (e.g,,  accurately  signalling  at  a  distant  point  by  means  of  a  photo¬ 
electric  celi  the  time  at  which  a  charge  detonates),  several  tests  were  conducted 
to  determine  if  a  cased  charge  would  emit  light  op  detonating  underwater. 

In  all  tests,  tho  charge,  weighing  from  l/2  to  1  lb.,  was  placed  5  ft.  in  front  of 
the  camera  and  the  lens  aperture  was  set  at  f:3.5.  A  short  piece  of  primacord, 
to  be  detonated  simultaneously  with  tho  charge,  was  also  Included  In  the  field  of 
view  to  serve  as  a  standard  for  comparison,  since  primacord  had  been  found  to  emit 
light  on  detonating  underwater  (See  Figure  104).  All  tests  were  conducted  at  night. 

The  results  showed  that  a  heavy  opaque  casing  reduced  the  emitted  light  to  the 
extent  that  it  was  no  longer  detectable.  For  example,  a  charge  wrapped  with  black 
rubber  tape  and  detonated  barely  showed  on  the  film,  and  a  charge  enclosed  in  a 
piece  of  steel  pipe  with  pipe  caps  on  the  ends  resulted  in  no  image  at  all.  Less 
heavy  casings,  however,  such  as  l/l6  in,  thiok  brass  tubing,  tin  cans,  and  black 
lacquer  resulted  in  weak  but  definite  images  of  the  charge  and  sometimes  streamers 
of  light  emanating  from  the  churgo.  There  was  some  indication  that  aluminized 
explosives  (torpex  and  mlnol)  emitted  more  light  than  tetryl  or  pentolite  under 
the  same  conditions,  but  the  evidence  is  insufficient  on  this  point. 
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APPENDIX  I 


THEORY  OF  PRESSURE  IN  FRONT  OF  AH  AIR-BACKED  FREE  PLATE 
ACCELERATED  BY  &  SHOCK  WAVE 


When  a  plane  shook  wave  striked  a  free  air-backed  plate  head  on,  the  pressure  in  the 
water  in  front  of  the  plate  first  rises  as  the  original  wave  passes  through  it,  then  rises 
still  further  as  the  reflected  shock  wave  returns  from  the  plate.  The  pressure  on  the  plate 
causes  it  to  begin  to  move  and  its  motion  reduces  the  pressure,  sending  out  a  rarefaction 
wave.  Consequently,  the  pressure  out  in  front  of  the  plate,  after  rising  twice,  then  falls 
and  actually  goes  negative,  provided  that  cavitation  does  not  interfere.  The  pressure  can 
be  calculated  under  curtain  simplifying  assumptions!  namely,  tho  plats  is  assumed  to  be  made 
of  an  infinitely  rigid  material,  to  tie  of  infinite  extent  (but  finite  thickness),  i.e.,  a 
rigid  body  whose  motion  is  restricted  only  by  its  inortia.  It  is  also  assumed  that  cavita¬ 
tion  does  not  form  and  that  acouatic  (small  amplitude)  theory  can  be  used. 


The  px-eusuru  as  a  point  £  (measured  positively  out  into  the  water  from  tho  initial 
position  of  the  plate)  and  at  a  time  t  (measured  from  the  time  the  original  wave  strikes 
the  plate)  is  tho  sum  of  three  terms i 


(l)  The  pressure  due  to  the  original  shock  wave  (aBBUmed  to  be  exponential 
in  shape) 

t  +  5 


(I-D 


>  for  t  >  -  * 


(2)  The  pressure  due  to  the  reflected  wave 


P0  ®  •  ,  for  t  >  *  , 

(3)  The  rarefaction  wave  from  the .motion  of  tho  plate 


(1-2) 


o  ou  for  t  >  ^  (1-3) 

/  c  • 

In  the  above,  pQ  is  the  peak  pressure  and  6  the  duration  parameter  of  the 
original  wave,’”  jj  is, the  mass  per  unit  area  and  ij  the  instantaneous 
velocity  of  the  plate,  c  the  velocity  of  sound  in  water,  and  yO  the 
density  of  water.  By  Newton's  law  the  sum  of  these  pressures  (acting  at 
x  ■  0)  will  give  the  plate  a  velocity. 

u  .  2PQ9 _  (e-V0  -  e  -  ^/0)  ,  (1-4) 

m ,  ( /3  -i) 

in  which  ft  =  _^?c9/m.  In  inserting  this  value  of  u  In  the  expression 
for  the  pressure  at  x  the  proper  value  of  the  time  to  uso  is  t-x/c  because 
of  the  propagation  time.  It  is  convenient  to  measure  pressure  in  terms  of 
p  ,  time  in  terms  of  6,  and  distance  in  terras  of  cSj  i.e.,  P  «•  p/pD,  T  =  t/6, 
X  =  x/c6.  Then  the  sum  of  the  three  terras  becomes 

P  n  e-(T+X)  _  An  a'(T-XJ  +  2/3_  8-  /(T -X)  (1-5) 

-1  @ 

an  equation  valid  only  for  T  ^  X.  Those  considerations  nasurally  hold 
only,  so  long  as  cavitation  does  not  take  place. 

Figure  131  shore  some  of  the  contour  lines  for  P  plotted  against  time  T  and  distanoe 
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JC,  both  in  reduced  units.  -  03  in  this  cane,  representing  a  very  light  plats,  or  ft 

charge  of  great  duration.  The  cashed  line  represents  the  front  of  the  reflected  wave.  Below 
it  the  pressure  is  positive  due  to  the  original  shock  wave.  Above  it  the  pressure  is  at  first 
positive  and  then  falls  stoeply  down  into  a  valley  of  negative  pressure.  Except  for  the  dis¬ 
continuous  rise  and  steep  fall  near  the  front  of  the  reflected  wave  (X  =  T)  the  contours  for 
this  case  closely  approximate  the  case  of  a  free  Burfaoe. 

Figure  132  chons  similar  contours  for  >=  4>  a  heavier  plate  (or  smaller ’duration) .  In 
both  cases  it  will  be,  seen  that  the  pressure  falls  to  zero  first  at  the  plate,  in  a  finite 
time  T  =  [1/^3 -1)J  jl iy3  .  It  reaches  negative  vlaues  first  out  in  the  water  and  oelow 
a  certain  limiting  negative  value  the  given  contour  never  reaches  the  plate  at  all. 


Assuming  that  the  theory  applies  between  the  Bhock  wave  and  the  cavitation  front,  and 
that  cavitation  ceour-s  at  p  =  0  we  get,  on  solving  Equation  (i"=5)  for  the  time  at  which  the 
pressure  fall3  to  0  at  reduced  distance  X, 


T  »  t/9 


_1 /n  2  A  0/3t 

A'1  .(/+ 1)  «x  -  ( a -1)  °x 


(1-6) 


In  Table  II,  the  measured  values  of  Xq  (farthest  distance  of  cavitation  from  plato)  are 
substituted  in  Eq.  (1-6)  and  the  calculated  values  of  £  are  compared  with  the  times  computed 
from  the  position  of  the  shook  wave,. 


In  order  to  determine  the  radius  of  the  cavitating  region  at  the  plate,’  it  is  necessary 
to  take  account  of  dlffraotion. 


A  very  rough  treatment  of  the  affect  of  the  diffraction  wave  is  as  follows.  The  same 
basic  Eq.  (1-1)  can  be  used  to  compute  the  time  2  at  which  the  pressure  in  front  of  the  plate 
has  fallen  from  2p0  to  a  value  equal  to  that  outside  the  plate,  p(T).  For  this  purpose 
X  =  0  (surafee  ot  plate )  and  p/p0  -  e~7  so' 


(1-7) 


Beginning  at  time  a  pressure  wave"  will  spread  inward  from  the  edges  because  the  pressure 
in  front  of  the  plate  is  being  lowered  by  its  motion.  This  pressure  wave  will  reach  a  radius 
E  at  time  [f[‘  +  (R-r)/o]  .  If  the  pressure  at  £  has  failed  to  zoro  before  thiB  time,  it 

is  postulated  that  cavitation  will  extend  out  to  £,  but  if  the  diffraction  wave  reached  £ 
first  then  cavitation  will  not  extend  to  £.  Consequently,  this  theory  predicts  that  the  maxi¬ 
mum  radius  of  cavitation  will  be  determined  by  the  equation 


'f  +  .ft  ■“  c  «0 

c 


(1-8) 


where  %  is  the  so-called  cavitation  time,  i.e.,  time  for  jo  to  fall  to  zero  at  the  front;  of 
the  plane.  If  X  =  0  in  Eq,  (1-6)  t  «  9C  so 


8c 


Combining  Eqs.  (1-7),  (1-8),  and  1-9), 


Q  Q  ft yi  &  "t*  1 

R  -  K  -  >  °  X>  **  n  -1 - 7 - 


/*- 


R  -  Rc 

c9 


-JL .  n  dll 

A-1  2 


(1-9) 


(1-10) 


The  latter  equation  expresses  the  result  in' a  dimensionless  form,  in  which  the  distance  in  from 
the  edge  of  the  disk,  R  -  Rc  is  measured  in  terms  of  the  length  unit  00.  In  the  case  of  a 
plate  surrounded  by  on  infinite  rigid  baffle,  'f  *  0  and  Eq.  (1-10)  becomes t 
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mZT/CM 


p-g.-0.5_ 


0.1  0,2  0.3  0.4  0.5  e.3  0.7  0.g  0-S  3  ^  ,_g 

X  * 

Fig.  132.  Procoure  before  accelerated  free  plate. 
Contours  for  P'  -  jp/p^  ye.  time  and  distance  (p  =  4  =yto8/m). 


This  is  tha  equation  previously  used  as  a  cavitation  criterion  In  connection  with  the  photo¬ 
graphs  of  the  UERL  diaphragm  gage  which  is  a  baffled  gage. 


APrENDIX  II 


THEORY  OF  PEAK' PRESSURE  AND  TIME  CONSTANT  DETERMINATION  FOR  SHOCK  WAVES 
BY  THE  METHOD  OF  OPTICAL  DISTORTION 


V}o a  Qpg/j  fgv*  ogyapo^  eg^o  g£  ovpgj'jjjo^o^  conditions  dBsign?d  t-o 

measure  the  peak  pressure  of  shock  waves  hy  tho  method  of  optical  distortion.  For  "w  of 
these  experimental  arrangements  (1  below) ,  a  method  has  also  been  developed  for  calculating 
the  time  constant.  Since  this  arrangement  has  had  considerable  success  experimentally,  it. 
will  be  discussed  in  detail. 

1.  Grid  in  plane  of  center  of  charge:  charge  off  to  the  side;  spherical  shock "wave 

To  study  the  distortion  of  light  rays  passing,  through  the ‘high  pressure  region 
behind  the  shock,  an  experimental  arrangement  as  diagrammed  in  Figure  '133  was  used  and 
the  theory  developed  is  based  on  these  experimental  (ssnditions,  E  is  the  charge  producing 
the  shook  ware  S  to  bo  studied,  C  is  the  camera  lens,  F  is  a  flash  charge  and  G  is  a 
lucite  sheet  marked  off  in  a  uniform  grid  of  1/4  in.  spacing.  The  grid  is  so  placed 
that  the  grid  lines  intersect  the  shook  wave  diagonally  in  tho  portion  of  the  shock 
studied.  Two  typical  intersecting  lines  are  shown  in  the  front  view  in  Figure  133-  The 
charge  was  placed  in  the  plane  of  the  grid,  and  the  line  perpendicular  to  the  grid 
passing  through  the  center  of  the  camera  lens  intersected  the  grid  a  short  distance 
behind  the  shock,  approximately  5%'  of  the  radius. 

In  the  system  of  Cartesian  coordinates  shown  in  Figure  133  the  position  of  the 
center  of  the  camera  lens  is  defined  at  (xQ,  yQ,  zQ) .  On  the  assumption  that  the  grid 
acts  as  a  source  of  diffuse  illumination,  a  ray  whose  reverse  -path  is  the  vector 
M  from  the  camera  to  the  shock  front  is  considered.  The  intersection  of  this  ray  with 
the  shock  front  1b  defined  as  (x,y,z).  If  there  were  no  distortion,  the  ray  would  con¬ 
tinue  along  the  line  £  JJ  and  strike  tho  grid  at  (x",  0,  z"),  but  actually  the  ray  follows 
some  curved  path  P  determined  by  the  decay  character! sties  of  the  shock  and  strikes  the 
grid  at  the  point  (x1,  0,z').  Knowing  the  uotual  distance  from  the. charge  to  a  uniquely 
defined  point  on  the  grid,  ono  obtains  tho  radius  of  tho  shock  wave  from  the  photographic 
print  by  reference  to  this  point  after  the  scale  factor  of  the  print  is  determined  from 
the  undistorted  part  of  the  grid.  Tho  coordinates  of  the  camera  are  also  obtained  by 
reference  to  this  point.  On  tho  photographic  print,  the  points  (xn,  0,  z11),  and 
(x'}  0,  z1)  may  bo  located,  the  latter  being  obtained  by  extending  lines  from  tho  un- 
dlstorted  part  of  the  grid  until  they  intorseot  behind  tho  shook, 

(a)  Peak  pressure  determination.  —  As  a  first  approximation,  an  average  pressure  may 
he  caloulated  by  assuming  a  step  shock  wave,  tnat  is,  a  constant  pressure  behind 
the  front.  Ylith  this  approximation  the  curve  P  is  replaced  by  the  vector  N 
(Figure  133)  from  (x,y,z)  toJx'.OjZ1),  and  tho  atop  pressure  calculated  is,  to 
this  approximation,  the  pressure  in  the  decaying  wave  on  the  spherical  surface 
cantered  at  E  and  passing  through  a  point  on  P  at  which  the  tangent  of  £  is  parallel 
to  |J,  Vie  define  this  index  of  refraction  or  pressure  for  a  given  intersection  of 
grid  linoa  as  nav  or  pfly>  .respectively. 

A  vary  simple  derivation  of  the  index  of  rafractlon_eorresponding  to  this 
average  pressure  as  a  function  of  the  distortion  vector  D,  (the  vector  from 
(x",0,zn)  to  (x',0,z')  for  tha  given  ray  M, )  and  tho  geometry  of  the  experiment 
can  be  given  in  t-ho  9yst<?5?  nf*  nnnrrM nhovo.  We  are  given 
(xo»ye>ao) »  (x",0,zn),  (x'.OjZ1)  and  R  ,  the  radius  of  the  shock  wave.  The 
point  (x,y,z)  is  readily  obtained  as  the  intersection  of  the  line  joining 
(x0,y0,Zo)  and  (xM,0,zn)  with  the  sphere  of  radius  JRI  , 

The  following  vectors  are  defined, 
p  «  xl  +  yj  1-  zk, 

M  =  (x-x0)it(y-y0)  j+(z-z0)k, 

H  •»  (xn-x)i+(0-y) j+(zn-z)k. 
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m-D 


if  a  (x*-x)i+(0-y)yi-(:s'.-z}lc, 

D  =  N-  M  =  (x'-x")i+  (z'-z!l)k 


=  DxHDak. 


The  magnitude  of  all  vectors  and  distances  is  to  be  taken  in  units  of  |R|  , 

i.e.,  [pi  *=  1. 


Consider  the  following  cross-product  relations. 


Uxp 

W 

Hxp 

TnT 


q  sin  9,  ") 

q  sin  8»,  I 


(II-2) 


whoro  q  is  a  unit  vector  perpendicular  to  the  plane  which  contains  U,  p,  N  and 
D  and  9  and  9'  are  the  angles  of  inoidenoe  and  •refraction  respectively  in  this 
plane.  This  is  not  necessarily  the  plane  shown  in  the  top  view  in  Figure  133. 
Applying  Snell's  Law, 


sin  9 
sin  9' 


i)  , 


where  nav  is  the  index  of  refraction  corresponding  to  the  average  pressure  p 
and  Hp  is  the  index  of  refraction  of  sou  water  at  zero  pressure,  we  obtain  tho ’ 
relation. 


M*P,  g|Wxp 

ImTV  m 

f 

(n-3) 

From  the  last  of  (Eqe.  Il-l) , 

or  using  (Eq.  II-3), 

522  w  M 
TnT  ini 

i  -  -  M. 

INI 

(n-4) 

D*P  * 

\  (i  ■ 

-  Jiml) 

|N/  / 

Wxp, 

(11-5) 

which  may  to  written, 

M.(  1  .  , 

IMI  \  |7 

£iui  \ 

ffrr/ 

(zc^-yoz) 

=  -uzy> ' 

dr-5’) 

iMi  f  1  .  . 
/Ml  V  1) 

J!  iui  \ 

/Nl  / 

(yoX-Xoy) 

■  Dxy» 

or. 

1 

u 

V 

_  + 

if  m 

1 

<v  - 

y0z) 

INI 

,  (11-5") 

1  Q  1  Ml 

V 

—  + 

flMf 

| 

p  In  f 

(yox-xoy) 

INI  ; 

r 

The  distances  (Ml  ,  |N(  and  jtflMl  con  be  readily  obtained  from  the  coordinates 
(x,y,z),  (xQ,y0,z0),  (x'jOjZ1),  and  (x",0,z").  Although  two  values  of  the  index  of 
refraction  can  he  obtained  from  ench  distortion,  they  arc  not  independent,  and  in 
general  because  of  tho  coordinates  chosen  and  the  experimental  arrangment  used  D, 
v/us  too  small  to  bo  measured. 

Given  from  the  above  and  n0  for  sea  water,  I>  can  be  obtained  by 
applying  the  relationship  between  "Ctie  index  of  ro fraction  and  pressure  for  water. 

iiiio  J'oj.aiii.GilDnj.p  lo  uioCuauCd  latsf  • 
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Since  the  computational  method  outlined  above  ie  somewhat  lengthy,  a  more 
direct  method,  again  assuming  a  3tep  shock  but  taking  advantage  of  the  planar  nature 
of  th*  problem,  was  used  in  the  actual  £aloulations.  The  determination  of  the 
"optical  plane",  that  containing  M,  p,  N,  D,  E  and  C,  in  very  simple  when  the  charge 
is  in  the  plane  of  the  grid,  for,  in  this  case,  the  intercept  of  the  optical  plane 
in  the  plane  of  the  .grid  contains  I)  and  E.  Knowing  the  projection  of  the  camera  on 
the  line  containing  D  and  E,  and  the  perpendicular  distance  d  of  the  camera  from  it, 
the  optical  plane  is  determined  and  can  be  represented  as  in  Figure  134.  The 
distance  lR|  to  which  all  other  dimensions  are  referred  is  obtained  as  described 
above,  r 1  and  Dr  ure  obtained  directly  from  the  print  as  above,  whereas  d  and  s 
are  obtained  from  the  known  position  of  the  camera  relative  to  the  grid.  To  derive 
the  index  of  refraction" from  the  distortion  of  the  ray  M  in  terms  of  these  measure¬ 
ment's  using  the  symbols  shown  in  Figure  134  the  following  relations  are  used. 


tan 


P 


where  ^  may  he  positive  or  negutive,  and  since  /Rl  ~  1, 

cos  =  r*  cos^ 


Then  using  the  law  of  cosines. 


//M/  »  ^U-r«*-2r«  COB 


g 


It  can  be  shown,  using  the  law  of  sinos,  that 

^2^.  cos  p 


tan 


~7W 


1  - 


On  applying  Snell's  Law, 


sin  9 
sin  O' 


^-1*  n»v~n°  -  8ln  9  _ 

u  sin  8  - cob  8  tan  6 


-1] 


Jline — {  , 

sin  (e-<3) 

+  cos  8  tan 


(n-6) 


(n-7) 


(II-8) 


(11-9) 


(11-10) 


(11-11) 


where  0  ■>  90°  -  (/g  -  ) 


Is  uiuoi-  Lu  uuriveri,  nay  to  pav,  data  on  the  pressure  coefficients  of  index 
of  refraction  for  water  ar-o  required. 


Data  were  available  for  fresh  water,  and  were  assumed  to  hold  for  salt  water 
as  well.  ThiB  assumption  is  felt  to  be  valid  to  within  a  fon  percent  as  is 
indicated  by  some  preliminary  calculations.  In  Table  VII  the  available  data  on 
the  coefficients  a  and  b  in  the  equation, 

n(p)  -  n0  =  ap  -  bp2  ,  (11-12) 

are  given  together  with  the  source  of  the  data.  For  the  calculations  of  pav 
concornlng  a  specific  point,  Eq.  (11-12),  uf^coiu™,  becomes 

nav  ”  no  “  a  ^av  **  k  Pav^* 


The  type  of  film  used  in  the  experiments  studied  was  Contrast  Process  Ortho, 
which  is  sensitive  in  a  narrow  range  of  wave  length  centered  around  ca.  4800  A.U. 

In  order,  then,  to  correct  nav  to  pnv  It  Is  necessary  to  obtain  adiabatic  values  of 
a  and  b  for  a  wave  length  of  4800  A.U.  and  for  the  proper  temperature.  The  iso¬ 
thermal  value  of  a  was  taken  from ‘ tho. data  Rontgen  and  Zehnder  for  a  wave  length 
of  5890  A.U.  and  the  proper  temperature  for  tho  given  experiment.  It  was  then 
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corrected  for  wave  length  from  the  data  for  various  wave  lengths  of  RSntgen  and 
Zohndor,  assuming  the  difference  due  to  wave  length  is  independent  of  temperature. 

It  was  then  corrected  to  the  adiabatic  coefficient  from  the  data  of  Raman  and 
Venkatoranan,  assuming  again  that  the  difference  between  the  isothermal  and  adia¬ 
batic  a  is  independent  of  temperature.  The  value  of  b  was  taken  directly  from  the 
isothermal  data  of  Poindexter  and  Rosen  by  interpolating  for  the  proper  wavs  length. 
It  was  assumed  independent  of  temperature.  The  error  in  b  con  bo  of  the  order  of 
30 %  and  still  make  an  error  of  only  ca,  3?  in  the  calculation  of  the  pressure  in 

the  range  of  pressure  studied  (ca.  17,000  lb/in. ^) . 

!•  , 


Table  VII  Coefficients  a  and  b  in 

n  (p)  -  iv,  °  ap  -bp2  for  Pure  Water 


t  (°c) 

Wave  Length  a  x  10^ 
(A.U.)  (per  atm.) 

b  x  106 

(por  atm. 2) 

Type  of 

Pressure  Change 

Source 

of 

-0.78 

5890 

' 16.91 

Isothermal 

R  and  Z 

0.06 

II 

16.87 

- 

It 

n 

0.42 

n 

.16.78 

- 

It 

ti 

3.0*; 

n 

16.68 

n 

ti 

2.62 

n 

16.51 

n 

11 

2.67 

n 

16.52 

_ 

M 

tt 

2.92 

n 

16.48 

- 

ti 

tt 

3.10 

ii 

16.44 

- 

tt 

tt 

4.95 

n 

16.26 

- 

tt 

ti 

8.95 

n 

15.87 

- 

n 

n 

9.00 

.  n 

15.91 

- 

H 

ft 

13.05 

it 

15.56 

- 

tt 

n 

13.28 

n 

15.56 

- 

ti 

n 

17.83 

it 

15.26 

-• 

n 

n 

18.01 

n 

15.26 

- 

i) 

ti 

18.03 

ti 

15.25 

- 

rs 

ti 

23.27 

ft 

14.97 

- 

i” 

H  ‘ 

23.1 

n 

14.98 

- 

n 

R  and  V 

18.0 

4861 

15.40 

- 

w 

R  and  Z 

18.0 

6807 

15.16 

- 

it 

N 

25.0 

4060 

15.02 

. U03162 

tt 

P  and  R 

25.0 

4360 

14.65 

.002700  ** 

It 

25.0 

5460 

14.75 

.003132 

n 

25.0 

5790 

H.56 

.002990 

tt 

23.1 

5890 

14.66 

“ 

Adiabatic 

R  and  V 

*  R  and 

Z  -  W.  G. 
(low 

.  Rontgen,  and  L. 
preseure  study). 

Zehnder,  Ann.d. 

Phyeik  (Wied.)  44,  24-51  (1891) 

R  and  V  -  Sir  Venkata  Raman,  F.R.S.,  and  K.S.  Venkataraman,  Proc.  Roy,  Soo,  (London), 
17 1A.  137  (1939)  (low  pressure  study), 

P  and  R  -  P.  E,  Poindexter  and  J.  S.  Rosen,  Phys.  Rev.  (2),  760(a)  (1934) 

(pressures  up  to  k800  kg/om2). 


**  This  datum  seems  out  of  line  with  the  rest. 


The  peak-pressure  of  tho  shook  wave  was  then  calculated  from  several  values  of  pav 
in  the  following  manner.  The  assumption  was  made  that  pav  calculated  from  a  given 
intersection  of  grid  linos  with  a  given  value  of  r'  was  the  pressure  existing  in 
the  decaying  spherical  shook  on  a  spherical  surface  of  radius 

r _ «  (R|  +  (r»  -Dy) 

av  - - j -  , 
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the  average  radius  vuctoi'  for  the  vuol.ov  TI.  ,  mr  >i  plotted  against  |R|  -  r 
(see  Figures  108,  109,  110  and  111.)  on  aew.i- 1 jw, ,.i;r .  Within  experimental  acattSf 
the  points  fall  on  a  straight  line  which  was  extrapolated  to  |R|  -  rav  *>  0, 

that  ia,  to  the  nhock  front.  The  pro enure  at  this  point  wan  taken  to  be  the  peak 
pressure  of  tho  nhock  wave .  Tho  error  in  the  assumption  as  to  what  valua  of  rav  the 
value  of  pav  applies  should  go  to  ssoro  in  tho  limit,  {Hi  “  rQV  -  0. 

(i)  To chain ur  of  Measurement.  Before  the  shot,  tho  perpendicular  distance  from 
tho  camera  leno  to  the  grid  wae  meusurod.  A  cross  was  marked  on  the  lucite 
grid  at  tho  foot  of  this  perpendicular,  and  the  distance  s  (l  igure  134)  waP_  . 
measured  from  the  conter  of  the  charge  to  the  cross.  An  additional  cross  — 
wae  marked  on  the  lucite  grid  on  the  extension  of  the  line  joining  the  charge 
and  the  first  cross  about  4  in.  (measured  accurately)  beyond  the  first  cross. 
This  second  crocs  was  placed  so  as  to  be  ahead  of  the  shock  wave,  and  thus  to 
appear  undistorted  in  the  final  picture.  It  was  from  this  measurement  from 
the  charge  to  the  second  cross  that  the  radius  of  tho  shook  wave  was  deter¬ 
mined  on  tho  final  photograph.  The  illumination  was  provided  by  a  flash  charge 
for  which  tho  firing  vras  delayed  by  means  of  priraacord  from  the  firing  of  the 
charge  which  produced  the  shock  wave  to  be  studied. 

Tho  measurements  were  taken  from  prints  of  the  original  photograph.  With  a 
.scale  factor  for  the  print  determined  from  the  undistorted  part  ox  the  grid, 
the  charge  position  was  determined  from  the  experimental  measurements  refer¬ 
red  to  the  crosses  marked  on  the  grid.  By  uee  of  this  as  a  center,  the  shock 
front  was  drawn  in  on  the  print  as  e  circle  whose  radius  was  such  t^at  it 
passed  through  the  breaks  in  the  linos  of  the  undistorted  and  distorted  parts 
of  the  grid.  Several  of  the  undistorted  lines  wore  extended  behind  the  shock 
front  giving  intersections  which  are  called  "actual11  intersections  to  which 
correspond  the  "apparent"  intersections  seen  behind  the  shock.  There  was  no 
dlffloulty  in  assigning  any  givi  n  actual  intersection  to  on  apparent  inter¬ 
section.  Through  each  pair  of  intersections  a  radial  line  was  drawn  from  the 
charge  position,  and  was  extended  to  intersect  the  shock  front.  This  is  the 
Intercept  of  the  optical  plane  in  the  plane  of  the  grid.  Tho  distances  r' 
and  Dr  (Figure  134)  nan  ho  mensureri  directly  .on  this  line.  R  ,  the  radius 
of  tho  shock  front,  was  obtained  on  the  print  by  reference  to  the  crosses 
marked  on  the  Incite  pp'id.  Tho  distance  d  is  obtained  by  measuring  the 
perpendicular  distance  from  tho  cross  to  tho  intercept  linn  nnd  n«i«»  +>.-i  » 
measurement  together  with  tho  experimental  menerremuat  of  the  distance  from 
the  camera  lens  to  the  lucite  grid. 

Calculation  Procedure  for  Time  Constant  (Exponential  Decay  Constant  with  Distance 
Behind  Front) .  The  path  of  a  ray  of  light  in  a  non-homogonoous  medium  hns  boon 
treated  very  thoroughly  by  Richard  Gano  (ooc  e.g.  Handbuch  der  Experimental 
PhyBik,  Volume  19,  p.  341  ff.  and  Ann  d  Physik  (4),  £Z,  709  (1915)  ).  From  Mb 
derivation  based  on  Snell's  law  (see  roforonce  to  Handbuch  dor  Experimental  Phyeik) 
for  a  medium  in  which  the  index  of  refraction  Is  n  function  only  of  r,  the  radiu3 
in  plane  polar  coordinates,  the  following  differential  equation  is  obtained  for  the 
path  of  a  ray  of  light: 


d/ 


|R|  sin  iQ  dr 


VnV 


"R 


2  |R{2  sin2  i0 


(Il-J  i) 


Where  /  is  the  polar  angle,  1RI  in  tho  radius  of  the  shock  front,  r  13  the  length 
of  the  radius  vector  to  any  point  on  the  path,  i  is  tho  angle  made  by  the  ray  of 
light  and  the  radius  vector  to  the  point,  r  =  IRl  ,  fl  =  0  (see  Fig.  134).  d  is 
measured  clockwise  from  the  point  of  entry  into  the  shock  \mve  of  the  reverse 
vector  li  (Fig.  134)  for-  the  ruy  of  light  studied.  In  Fig.  134  Pg,  the  polar  angle 
at  the  grid,  is  shown,  is  tho  index  of  refraction  at  r  =  JR|  ,  and  n  is  the 
index  of  refraction  at  r. 


10/  The  second  cross  is  not  necessary  if  tho  position  of  tho  first  cross  is  corrected  for 
optical  distortion. 


The  method  used  in  determining  the  time  constant  of  the  shook  rave  wa*  to 
express  n  as  a  function  of  r  in  terms  of  the  parameters  of  an  assumed  exponential 
shock  rave  (exponential  with  distance  behind  the  front),  the  peak  pressure  and  tlM 
constant.  This  may  bo  done  by  writing  p  in  Eq,  (11-12)  ao  a  function  of  r, 

_  (  lift  -  r) 

P“Pffiaxe  ,  <11-14) 

where  By  is  expressed  in  units  of  length. 

Substituting  p  from  Eq,  (11-14)  into  Eq.  (11-12)  gives 

(  IRJ  -  1)  _  __2J  /Rf  -  rj. 

~~  n(p)  -  *vapmax  e  "  "  By  -  bp2^  e  ®r  ,  (11-15) 

where  (the  index  of  refraction  at  aero  pressure),  a,  and  b  are  functions  of  the 
temperature  for  a  given  type  of  film,  and  Praw  is  the  peak  pressure  for  the  given 
shot  as  determined  by  the  method  outlined  in  this  Appendix  1  (a). 

This  function  of  r  ia  then  substituted  for  n  in  Eq.  (11-13).  In  Eq.  (11-13) 
is  obtained  from  Eq.  (11-15)  by  putting  r  =  jRj . 

Eq.  (11-13)  is  a  function  of  the  given  ray  of  light  on  a  given  film,  that  la, 
of  the  pair  of  intersections  (apparent  and  actual)  of  the  pair  of  grid  lines  studied, 
because  of  the  explicit  prasanoe  of  the  angle  iQ,  This  is  obtained  for  each  pair 
of  intersections  by  the  following  equation t 

,  (11-16) 

sin  S 

where  the  angle  6  (Fig.  134)  is  obtained  for  the  given  point  (that  is,  for  the 
given  pair  of  intersections)  in  tho  calculation  procedure  for  pav  for  that  point. 

Thus  all  the  parameters  of  Eq.  (11-13)  are  determined  except  B_.  Some  general 
disousaion  of  this  equation  is  felt  to  be  necessary.  A  statement  of  Snell' b  Law 
for  spherical  symmetry,  in  which  case  the  path  of  a  given  ray  of  light,  aB  was  dis¬ 
cussed  previously,  lies  in  a  great  circle,  is  given  by  the  following: 

nfllRlsin  1Q  »  nr  sin  i  =  0,  (11-17) 

where  i  is  the  angle  mode  by  the  path  of  light  and  the  radius  vector  r  to  a  given 
point  on  the  path,  and  n  is  the  index  of  rofraction  at  ra  for  some  given  Bj.  in 
Eq.  (11-15).  Then  in  Eq.  (11-13)  the  denominator  vanishes  at  the  point  of  total 
reflection,  that  is,  at  the  point  where  sin  i  =  1. 

The  right  hand  aids  of  Eq,  (11-13),  from  physical-  arguments,  has  a  finite 
integral  from  r  ■  JR  I  to  r  »  r,,^  -  £  where, 

rmin.n^rmin*®r^  *  “r  lRl  8in  1o  •  (11-18) 

By  making  £  sufficiently  small,  the  integration  can  be  carried  up  to  within  an 
infinitesimal  distance  from  rm^n.  Then  since  the  path  of  light  is  symmetrical 
about  the  radius  vector  of  length  Train,  the  whole  path  is  known  from  the  point  ' 
of  entry  into  the  shock  wave  to  the  point  of  exit  from  the  shock  wave. 

The  first  step  in  the  calculation  of  is  to  determine  9r,min  where 

(r*  ■  Dr) .n(r*  -  ^r>®r>min)  “  UjjlRlsin  i0.  (11-19) 

Physically  By  is  tho  lowest  value  of  the  exponential  decay  constant  which  will 

allow  the  givin  ray  of  light  studied  to  get  as  far  into  the  shock  wave  as  tho  point 
at  which  it  is  observed  to  strike  the  luoite  grid,  that  is,  at  r  -  r'  -  Dr  (Fig.  134), 
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The  procedure,  than,  for  dotovmining  9  for  a  given  point  on  a  given  film  is 
to  choose  several  value n  of  0„  and  to  calculate  p  (r*-D_  0_)  by  numerical 
integration.  *  r,ffiln  r’  r 


5*(j 


1  -  Dr.  ®r) 


V"1 


sin 


|Rl 


•Pr2- 


i  dr 
o 


Y*W2  Bin2  10 


(II 


.1  1„\ 


where  n  is  given  as  a  function  of  9r  and  r  in  Eq,  (11-15). 


6_  and  r  in  Eq.  (11-15).  ft  is  then  plotted  against  9r 
mined  by  the  point  studied,  fi  can  easily  ba 


fi  is  then  plotted  against 
at,  the  value  of  r 1  -  D,.  deter- 


-1  jm 

shovr.  by  physical  arguments  or  by 

Sr.  The 

value  of.  6  giving  a  valuo  of  fl  °  fig  (Fig.  134), -  that  la,  that  value  of  /  obtained  in 
the  course  of  the  calculation  of  j>  for  the  given  point,  is  taken  as  the  correct 
value  of  ©j.  for  the  shock  wave  as  determined  by  that  point.  If  no  value  of  9r  9r  m,n 
gives  a  value  of  fl  ao  large  as  fig,  the  ray  of  light  studied  is  assumed  to  have  passed 
through  the  point  of  total  reflection  after  it  left  the  diffuse  light  source,  the 
lucite  grid.  In  this  case  (Eq.  II-13a)  must  be  replaood  by 


fT 


min  +' 


^(r'-Dj-jOj.) 


i 


VR> 


sin  1  dr 


/  (Hi 


jn?T2-nR2 [r|  2sin2i0 


rrain  + 


sin  i„  dr. 


f  “  •  o 


(TI-13b). 


Again  the  integration  is  carried  cut  numerically.  In  the  numerical  integration 
near  r  .n,  tho  intervals  chosen  must,  of  course,  be  very  small.  Again  a  plot  of  fi 
,vs.  Sr  is  made,  and  9r  is  then  determined  for  the  given  point  as  that  value  which 
gives  a  A  *  i  for  that  point. 

Values  of  9r  are  calculated  for  wtwral  points  on  a  given  film.  The  taoit 
assumption  has  bean  made  that  9*.  can  be  a  function  of  the  value  of  r*  -  Dr  for  the 
point  for  which  it  is  calculated.  The  conversion  of  this  exponential  decay  constant 
with  distanoe  behind  the  shock,  front  to  an  exponential  decay  constant'  with  time 
behind  the  front  In  discussed  below. 


(o)  Calculation  Procedure  for  Tlmo  Constant  (Exponential  Decay  Constant  With  Time 
Behind  FrmilTV  In  the  conversion  of  0j.  to  9^,  the  exponential  parameter  in 

-  t 

PP.S.  (t}  "  Pmax  •  .  (H-20) 


9^.  is  assumed  constant,  but  the  possibility  is  admitted  of  dependence  of  9r  on 
the  value  of  r'  -  Dr  for  tho  point  for  srhioh  er  is  calculated,  p  g(t)  is  tho 
pressure  that  would  heve  been  recorded  by  a  piezoelectric  gage  at1  time  t  after 
the  passing  of  the  shook  front  of  peak  pressure  PnpXt  PQ  D  (r)  is  tho  pressure 
at  t  »  o  and  at  a  distance  (  (R|  -  r)  behind  tho  snook  rfoAt  of  pressure  p 
radius  |R|  .  That  is, 

(  I*/  -  r) 


and 


P  .0 

UlttA 


(11-21) 


Bj.  can  bo  a  function  of  r  if  it  is  necessary  to  muko  Eqs.  (31-20)  and  (IT-21) 
compatible. 


The  assumption  is  made  that  9^  changes  wiry  little  with|Rlover  distances*  of 
length  of  the  ordor  of  9j.,  lindor  this  assumption,  the  decay  of  pmH]c  with  (Si  will 
follow  the  same  law  as  the  decay  of  p(r)  (where  r  -  |Rt  -  0  and  where  C  is  a 
constant  distance  of  the  order  of  magnitude  of  9y)  with  R.  That  is,  since  for  a 
given  weight  of  some  explosive, 
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■wWii  .  ( p'a  A 

>wm2>  Vnt  )  ’ 


(11-22) 


where  OCv  1  is  a  function  of  tho  kind  of  explosive,  then 


JP-E.  (t)  u 
P0.D.  (r)  l!RI  ' 


(11-23) 


where  the  relation  iRl  -r  =  ct  exists,  in  which  c  is  assumed  to  he  a  constant, 
ca. 0.0645  in./ ^#seo,  for  the  pressures  studied. 

Elimination  of  p  „  (t)  arid  p  (r)  among  EqB,  (11-20) ,  (II-21)  and 

(XI-22)  and  rearranging  .leads  to 


1 

"a 


1 


L-+ 

«r  ]S|  t 


■rj 


(n-24) 


The  value  of  r  in  p  _  (r)  is  taken  for  a  given  point  which  resulted  in  a 
given  0r  aB  r*  -  Dyfof  that  point.  The  value  of  O C  is  obtained  from  piezo¬ 
electric  measurements  at  various  values  of  |R /  and  h  (weight  of  explosive), 
that  is,  from  a  peak-pressure  similarity  curve  for  a  given  explosive.  It  can 
be  taken  as  unity  vith  little  resulting  error  in  0t.  It  is  found  by  solving 
Eq.  (II-23)  for  9r  that  the  dependence  of  Sy  on  r  for  a  given  0^  is  not  great. 


An  alternative  method  of  deriving  an  equation  to  convert  0r  into  0^  which 
is  in  essential  numerical  agreement  Tdth  Eq.  (11-24)  has  been  suggested  by 
Professor  J.  G.  Kirkwood.  Here  Op  and  are  defined  only  at  the  shock  front  as 


1— 

®r 


(iio^ 


for  r 


IRl 


and 


for  r  ■»  JR  I  at  t  <=  0. 


(11-25) 


(11-26) 


If  the  logarithmic  peak  pressure  vs.  distance  curve  has  a  derivative  d  Pmax 
then,  exactly,  d  h 

r. 


d  |Rf 


•* 

I - l 


)R/ 


^log 


b  t 


pi]  ( 


(11-27) 
r  o  IRl 


where  o  ia  the  shock-front  velocity  at  peak  pressure  Pma*.  ®y  using  Eqs. 
(11-25)  and  (11-26)  and  rearranging,  Eq,  (11-27)  becomes 


1  -  d  X°g  Pmax 

er  d  IR ( 


For  a  given  weight  of  explosive. 


(11-26) 


*max 


|Rl  * 


til-293 


where  P  ia  a  constant  depending  on  the  weight  and  kind  of  explosive.  Then, 
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(11-30) 


(II-31) 


Th5.s  latter  "treatment  is  a  more  direct  approach,  but  in  neither  case  is  the 
variation  of  vri.th.jRl’.  stated.  This  is  not  an  important  factor  .however,  Eqs.. 
(II-24)  and  { 11-31)  are  very  nearly  equivalent  numerically,  and  in  the  applications  . 
(11-24)  will  he  used* 


and  thus, 


(d)  Possible  Errors.  The  most  apparent  source  of  error  in  this  method  of  measuring 
peak  pressure  and  time  constant  is  the  possibility  of  mechanical  distortion  of 
the  lucite  grid  by  the  impact  of  the  shock  .wave.  Preliminary  measurements  on  the 
velocity  of  sound  in  lucite  indicate  a  value  of  approximately  6.0  ft. /msec.  Thus 
the  shock  wave  started  at  the  center  of  the  e'dge  of  the  lucite  grid  travels  faster 
in  the  lucite  than  the  shock  wave  in  the  water,  and  the  possibility  for  mechanical 
distortion  of  the  lucite  grid  at  the  time  of  the  photograph  is  increased. 


Measurements  on  the  photographs  of  the  two  shots  reported  in  Sec.  Ill,  3,  a 
indicate  that  such  mechanical  distortion  as  well  as  lens  distortion  is  very  small, 
however.  If  the  grid  lines  ahead  of  the  shock  are  extended  far  behind  the  shock 
front,  they  coincide  within  drawing  errors,  with  the  apparent  position  of  the  grid 
lines  in  this  region  of  "zero"  optical  distortion.  Since  the  "direction"  of  the 
displacement  due  to  optical  distortion  is  the  same  as  that  due  to  mechanical 
distortion,  that  is,  away  fron  the  charge,  this  result  indicates  a  very  small 
mechanical  distortion.  Also  the  fact  that  the  edge  of  the  lucite  grid  towards  the  ■ 
charge  appears  as  a  straight  line  in  the  shot  photographs  indicates  no  mechanical 
distortion  of  the  lucite  grid  in  the  interval  between  the  time  of.,  impact  of  the 
edge  of  the.  grid  und  the  time  of  the  photograph.  It  should  be  mentioned  that  the 
curved  contour  at.  the  left  of  the  grid  photograph  (Fig.  107)  is  not  the  edge  of 
the  grid,  but  rat>“r  the  edge  of  a  paper  diffusion  screen  behind  the  grid.  The  edge 
of  the  grid  is  tho  line  in  which  the  diagonal  grid  lines  terminate.  Although  there 
may  be  some  slight  curvature  to  this  line  in  the  photograph  published,  the  line  on 
the  original  print  from  which  this  print  was  made  is  as  close  to  a  straight  line  a3 
is  measurable.  Thus  mechanical  or  lens  distortion  is  felt  to  have  little  effect  on 
the  results  obtained  by  the  optical -distortion  method. 


Another  source  of  error  is  in  using  the  index  of  refraction-pressure  coefficient 
measured  in  fresh  water  for  the  studies  of  pressure  and  time  constant  in  salt~'water, , 
Preliminary  calculations  based  on  tho  assumption  that  the  difference  in  the  index  of 
refraction  between  fresh  and  salt  water  at  high  pressure  is  the  same  as  it  would  be 
at  zero  pressure  but  at  the  concentration  of  salt  per  unit  volume  that  the  water 
would  have  at  the  high  pressure  have  been  made.  These  calculations  indicate  that 
the  error  involved  in  the  assumption  that  the  index  of  refraction-pressure  coefficient 
is  independent  of  the  salinity  is  of  the  order  of  2,5/6.  The  direction  of  this  error 

is  such  as  to  make  the  calculated  pressure  too  great.  The  data  necessary  for  these 

calculations  on  the  effect  of  nalinity  are  from  a  report  by  E.  A.  Brodsky  and  J.  M» 
Scherschower  (Z.  Phys.  Chora.,  B,  2J,  412  (1933)). 

The  possibility  of  error  in  the  assumption  that  .Snell* s  Law  of  Refraction  holds 
in  a  non-homogeneous  medium  also  deserves  some  consideration.  Cans  (Ann.  d.  Phys. 

(4),  709  (1915))  studies  in  detail  the  case  of  refraction,  of  a  linearly-polarized  . 

light  wave  in.  a  non-homogeneous  medium  by  use  of  the  eloctromagnetic-f ield  equations. 
He  assumes  that  n  ,  where  n  is  the  index  of  refraction  of  the  medium  and  £ 

is  the  dielectric  constant.  This  relation,  of  course,  does  not  hold  for  water.  He 

shows  that  under  these  assumptions  Snell's  Law  holds  over  most  of  the  light  path,  but 
Very  near  the  point  of  total  reflection  the  ray  of  light  deviates  from  the  path 
predicted  by  Snell's  Law  and  undergoes  an  angular  discontinuity,  "knick",  at  the 
point  of  total  reflection.  A  short  distance  beyond  tho  point  of  total,  reflection, 
the  path  again  coincides  v;ith  the  path  predicted  by  Snell's  Law, 
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It  is  felt  that  this  deviation  from  Snell's  Law  is  not  important  for  the  case 
of  non-polorizod  light  in  water.  However,  iri  order  to  make  a.  quantitative  statement 
as  to  the  amount  of  possible  error,  a  further  analysis  would  have  to  be  made. 

An  experimental  argument  for  the  assumption  that  this  deviation  from  Snell's 
Law  is  not  important  for  the  oaee  of  the  shock-wave  study  in  water  is  that,  in 
several  calculations  of  the  time  constant  based  on  rays  of  light  which  are  observed 
to  strike  the  luoite  grid  at  varying  distances  from  the  point  of  total  reflection, 
no  systematic  trend  can  be  detected  with  the  distance  of  the  point  of  observation 
from  tho  point  of  total  reflection. 

(e)  Sample  calculation  of  time-constant.  —  As  an  example  of  the  time-constant 
calculation,  the  data  'for  Point  22,  Film  536  (Fig.  Ill)  will  bo  developod. 

The  first  step  is  to  obtain  rj  no  n  function  of  £  for  a  given  film.  The  data 
necessary  for  this  are  given  in  Table  VIII  which  shows  data  from  film  No.'s  536 
and  537  for  comparison. 


Table  VIII  Constants  Necessary  for  Eq.  (11-15) 


Film  536 

Film  537 

Kind  of  Film 

Contrast  Process  Ortho 

Contrast  Process  Ortho 

Temperature 

21.3°  C. 

17.1°  C. 

a 

.14.94  x  10"6  per  atmos¬ 
phere 

15.18  x  10-^  per  atmos¬ 
phere 

b 

.001578  x  10“6  per  atm. 2 

.001578  x  10"6  per  atm.2 

*0 

1,3435 

1.3444 

!Rl 

.  15.97  in. 

15.99  in. 

pmax  / 

17,050  lb/in2  =  1,160  atm. 

17,050  lb/ in2  =  1,160  atm 

S  -  1.3435  +  .0173284  e 


Ylhan  the  proper  values  of  nc),  a,  b,  and  pmCLK  from  Table  VIII  for  Film  536  are 
substituted  In  Eq.  (11-15)  it  becomes 

-  .00212286  e  "2  (H-32) 

where  .  e 

x  =  £  and  ^  - 

|R|  <  IK l 

since  throughout  all  calculations,  measurements  in  units  of  j R[  were  used. 


Then,  since  for  any  pair  of  Intersections, 

Bln  *o  h  «o 
sin  6 

from  Eq.  (II-16)  sin  1„  «=  Hq  oln  0,  The  value  of  2^  is  known  for  a.  given  film 
(Table  VIII )  and  sin  9  was  found  for  each  point  in  tho  calculation  for  pav«  -Thus, 
for  Film  536,  Pt.  22,  sin  i0  =  n0  sin .9  =  (1.3435) (.93154)  =  1.25152. 

Substituting  for  n  and  for  njj  sin  i0  the  values  obtained  in  the  preceding 
paragraphs,  one  obtains  tho  differential  equation  of  the  path  of  the  ray  of  light 
considered  at  point  22^ 
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dfl  = 


-  /i-xT 


1.3435  -  0.0173284 


[~r 


-0.00212286 


T~ 


dx 

“x 


(n-33) 


(1.25124)' 


This  equation  is  thon  integrated  numerically  by  use  of  Gregory's  formula  (bee  e.g. 
the  Mathematics  of  Physics  and  Choraistry  by  Margenau  and  Murphy,  D.  van  Nostrand  Co., 
1943,  p.  459)  from 


X  =  1  to  X  - 


r'-D_ 


0.92429 


Ik! 


(for  the  point)  for  several  values  of  'V'*  greater  than 


®r,min 

“TrI 


0.1835.  • 


The  results  of  these  integrations  are  given  in  Table  IX. 


Table  IX  Results  of  Integration  for  £  na  a  Funetlon-pJ! - 

Value  of  (tijT  as  Obtainod  in  Calculation  for  pnv  jB 

0.AQ7S  Radians  (Point  22.  Film  536). 

■ _ 

0.184 
.195 
.230 

The  data  in  this  table  Indicate  that  there  is  no  value  of  that  will  give  a 

value  of  fh  as  groat  as  Thus,  it  is  us numed  that  the'  ray  of  light  considered 

for  this  point  has  gono  through  the  point  of  total  reflection  after  leaving  the 
diffuse  source  of  light,  tho  Incite  grid.  For  each  of  the  three  values  of  ^  , 

thon,  the  value  of  rmin  was  calculated  (Eq.  (II-18)),  and  the  numerical  integration 
of  Eq.  (11-33)  was  carried  out.  in  two  stops,  first,  from  x  =  1  up  to  x  =  -SiS  +  C 
and  then  up  to  x  -  0.92429.  Tho  results  of  those  integrations  beyond  the  K 
point  of  total  reflection  are  given  as  a  function  of  "jHn  Table  X. 

Tabla  X  Results  of  Integration  for  /  Beyond  Point  of  Total  Reflection. 

Value  of  fig  as  Obtained  in  Calculation  for  pav  is  0.4078 

radians  (Point  22~,  Film  536). 

0.184 
.195 
.230 

A  plot  of  those  results  is  given  in  Fig.  135,  from  which  thn  value  of  T  to  give 
a  p  «=  =  0,4078  radian  in  found  to  bo  0.197. 

Since  the  value  of  (R|  for  this  shot,  Film  536,  was  15.97  in.,  0r  is  obtained 
as  0.197  x  15.97  =  3.15  in. 

To  convert  this  to  a  value  of  0^,  use  is  made  of  Eu-  (11-24),  where  c  is  taken 
as  0.0645  in.  //*  sec.,  c<-  is  taken  us  1,23  ,  i R I  is  taken  as  15*97 
in.,  and  r  is  the  value  of  r1  -  Dr  for  Point  22,  Film  536  (=0.92429  x  15.97  =  14.76 
in.).  This  leads  to  a  valuo  of  0£  =  39.  V*  sea# 


^  . 

(radians L 

0.3907 

.4061 

.4232 


(rcfH  nyin) 

0.3813 

.3671 

.3528 
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i  (radian*) 


BLg.  335.  f>  'f'  obtained  by  integration  beyond  the  point  of  total 
reflection,  (^g  =  0.4078  radi*o*f  point  22,  file  536) 


Table  XI  Results  In  the  evaluation  of  time  constant 


Film  No. 

Point  No. 

®r 

(l£.) 

r'  -  Dr 

(in.)  . 

et 

( ^ l  sec) 

536 

22 

0.61 

3.15 

14.76 

39,1 

537 

5a 

3.39 

14.72 

41.3 

537 

1 

JLf, 

0.94 

3.23 

14.11 

39.6 

536 

8 

0.97 

3.68 

14.03 

43.8 

537 

18 

i.13 

3.C9 

13.71 

38.1  — 

Av.  &J.-40.4 ^tseC|  average  deviation  from  mean  *=  *1.7 /Msec. 


It  *111  be  noted  that  there  is  no  systematic  trend  of  8^  with  distance  of 
the  point  seloctad  for  calculation  behind  the  shock  front  (  JRJ  -  rflV) . 

Grid  In  same  plane  with  charge:  charge  directly  in  front  of  camera;  spherical  shock  wave 


If  tho  experimental  set-up  is  such  that  the  plane  of  the.  grid  is  perpendicular  to 
the  optical  axis  of  the  .camera  with  the  center  of  tho  charge  at  this  point  of  inter¬ 
section,  then  the  peak  pressure  of  tho  shock  wave  may  be  calculated  as  follows i  Refer¬ 
ring  to  Fig.  136,  C  is  the  position  of  the  camera;  S  Is  the  shock  wave;  0  is  the  charge; 
OG  is  the  grid  (perpendicular  to  the  plane  of  the  paper);  R  is  tho  point  at  which  the 
given  light  ray  passes  through  the  shock  front;  r  and  r'  are  the  true  and  apparent 
points  of  intersection  of  a  pair  of  grid  lines,  respectively.  A  construction  line  is 
drawn  from  0  perpendicular  to  Rr 1 .  'As  in  Sec.  1,  (a),  tho  assumption  is  made  that  the 
pressure  from  R  to  r  is  constant.  is  the  ratio  of  the  index  of  refraction  over  this 
range  to  the  index  of  refraction  outside  the  shock  wave. 


Tho  quantities  £,  8,  RH,  Rr,  S,  and  S  are 

following  equations:  / 

tan  y3 


Or* 

CO 


successively  determined  by  the 


(11-34) 


OR  cos  -y3)  =  Or'  coaji 

(11-35) 

e  =  iso®  -  (900  *  $  -  ~  90°  -  $  +  ft 

(II-36) 

P,y  the  law  of  sines, 

sin  0  m  sin  (90°  - /3  ) 

(11-37) 

By  tho  law  of  cosines, 

Rr  *  \j  (Rrj‘t:  +  (rr’)2  -  2~  (Rr) (rr 1 )  cos  "(90°  -yS  ) 

Again  by  the  law  of  sines, 

sin  <T  sin  (90°  ) 

rr*  Ur 


(11-38) 


( XI— 39) 


By  Snell’s  law. 


sin  8 
sin  8* 


sin  8 

siii  (8  S) 


(IT-40) 


The  corresponding  pressure  is  then  obtained  from  Table  X.  After  calculations  have  been 
made  for  several  grid  line  intersections,  the  peak  pressure  is  determined  by  the  method 
desoribed  in  Section  1  of  Appendix  II;  namely,  by  plotting  the  calculated  pressures 
against  corresponding  distances  of  tho  mid-point  of  Rr  from  the  shock  front,  and 
extrapolating  to  aero  distance  from  the  shock  front. 
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It  is  to  be  noted  that  the  shock  nave  photograph  in  this  cnee  probably  does  not 
show  the  intersection  of  the  shock  wave  and  the  grid  plane,  but  rather  the  intersection 
of  the  grid  plane  and  a  cone  which  has  its  e.pe;<  at  the  camera  lens  and  is  tangent  to 
the  shock  wave  sphere.  Thus,  in  determining  the  shock  wave  radius  from  the  photograph, 
a  corresponding  correction  should  be  applied  to  the  apparent  radius. 

Grid  in  same-  plane  with  charge;  charge  directly  in  front  of  camera;  non-spherical 
shock  wave 

If  the  experimental  conditions  meet  tho  above  requirements,  the  peak  pressure  of 
the  shock  wave  may  be  calculated  as  follows:  Reforming,  to  Fig.  137,  C  is  the  position 
of  tho  camera;  S  is  the  shock  wave;  0  is  the  charge;  OG  is  the  grid  (perpendicular 
to  the  plane  of  the  paper);  R  is  the  point  at  which  the  given  light  ray  passes  through 
the  shock  front;  r  and  rj_  are  the  true  and  apparent  points  of  intersection  of  a  pair 
of  grid  lines,  respectively;  RC,  is  the  normal  to  the  shock  wave  surface  at  R.  As  in 
section  1  of  this  Appendix,  the  assumption  is  made  that  the  pressure  from  R  to  r  is 
constant.  is  the  ratio  of  the  index  of  refraction  over  this  range  to  the  index  of 
refraction  outside  the  shock  wave.  Although  the  shock  wave  is  not  assumed  spherical, 
it  is  assumed  that  the  shock  wave  surface  can  be  represented  by  some  equation 
f(x,y,z)  =  0,  the  exact  form  being  determined  from  the  photograph  of  the  shock  wave. 

The  solution  proceeds  according  to  the  methods  of  analytic  geometry.  The  charge 
is  taken  an  the  origin  of  the  coordinate  axee,  x>  z>  and  the  various  points  in  the 
experimental  arrangement  are  assigned  the  coordinates  given  in  Fig.  137. 

The  equation  of  ling  CR  is 


x  ~  0  _  y  -  y3 

x,  -  0  0  -  y. 


_  z  -  23 
0  -  z-; 


(11-41) 


which  simplifies  to 


y  -  y^ 


(11-41') 


These  equations  arc  combined  with  f(x,y,z)  =  0  to  obtain  Xj_,  yi>  zl»  Tho  direction 
components  of  are 


3f  bf 


-  r~m  9  -  t  u  x 

d*i  TyJ  -jZi 


*  . 


The  direction  components  of  CR  ore 


V  "y3’  "S3  * 


COS  0^  ss 


:  3  f  -  y 

4  3^7 


■  c>  f  _  7  c)  f 

3-^TTT  '3  -&-ZI 


,  2  .  2 

(x4  +  y3 


(fey  *fev  •(fey]" 


(II-42) 


The  equation  of  line  £r  is 


*  -  *1  d  7  -  7±  o  z  -  zi 

0  -  *1  y5  •  yl  B  z5  -  Z1 


(11-43) 


The  direction  components  of  this  line  aro 


“xl»  y5  “  Fi»  z5  “  zi» 
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of  peak  pressure  by  optical  distortion 


cos  82  c  r 


jjg  +  (ys  -  ^  -jirr  *  (zs  "  Zl)  4k 


(11-44) 


xi  f  -  yxY-  +  (85  -  Zl) 


J  L^T 


Of 


1.  2 


n  1/2 


'  cTyj  a  zi 


Having  values  now  for  and  0^,  by  Snell' n  Ian, 

v)  -  . sin  ®1 


sin  So 

Tho  corresponding  pressure  is  than  obtained  from  Table  VII.' 


(n-45) 


After  calculations  have  boon  made  for  several  grid  line  intersections,  the  peak 
pressure  is  determined  by  the  method  doeerlbed  in  Section  1;  namely,  by  plotting  the 
calculated  pressures  against  corresponding  distaneos  of  the  mid-point  of  hr  from  the 
shock  front,  und  extrapolating  to  zero  distance  from  the  shook  front.  Since  the  shock 
wave  is  not  sphoricallj'-  symmetric ,  the  other  grid  lino  intersections  must  bo  chosen 
ill  the  same  genoral  rogion  behind  the  shock  wavo  to  obtain  the  peak  pressure  for  that 
region. 


Attention  is  oalled  also  to  tho  la3t  paragraph  in  Section  2  of  this  Appendix, 
which  in  applicable  hero. 

4.  Grid  behind  shock  wave;  charge  directly  in  front  of  camera;  oohorical  shock  wave 

If  the  experimental  set-up  meets  the  above  requirement.'!,  the  peak  pressure  of 
the  shook  wave  may  Iaj  calculated  us  follows i  Referring  to. Fig.  138,  C  in  the  position 
of  tho  earners;  S  is  tho  shook  wave;  0  is  the  charge;  GH  is  the  grid  (perpendicular  to 
the  plane  of  tho  paper);  R  and  ^  are  the  points  at  which  the  given  light  ray  passes 
tlirough  the  shock  front;  r  and  rj.  are  the  true  and  apparent  points  of  Intersection 
of  a  pair  of  grid  linos,  respectively;  OK  mid  OCj  are  the  normals  to  the  chock  wave 
surfuoe  at  R  and  g  roopectlvely.  As  in  Section  1  of  this  Appendix,  the  assumption 

10  mado  that  tho  prooauro  from  R  to  ^  is  constant.  y  is  the  ratio  of  the  index  of. 

refraction  over  tills  range  to  tho  index  of  refraction  outside  the  shook  wave. 

The  solution  proceeds  according  to  the  mothddo  of  analytic  geometry.  The  charge 
is  taken  as  the  origin  of  tho  coordinate  axes  x  and  y,  and  tho  variouB  points  in  the 
experimental  arrangements  are  assigned  the  coordinator!  given  in  Fig.  138.  Due  to  the 
symmetry  of  the  clock  wave,  tho  problem  becomes  planar  for  any  single  grid  line  inter¬ 
section.  x-j  and  x/t  are  obtained  before  the  shut;  and  the  radius  of  the  "hock  wave  OR. 

11  and  y^  are  determined  from  tho  photo[;raph. 

The  two  equations 


x/-  +  y/-  =  (01)2 


(11-46) 


and 


X1  ~  *4 


x3~  \ 


(11-47) 


^ane, 


are  solved  simultaneously  for  and  y. ,  the  roots  yy  and  y?  being  discarded.  Due  to 
the  circular  symmetry  of  tho  shuck  wave  In  tho  x.v 

tan  JL  rQO  =  tun  Z  ORC 

If,  now,  tho  slope  of  any  lino  In-  designated  A  from  Eq.  (11-48), 


oy 


Aor  -  ft 

>♦  K  V 


^  GR  -  "CR 
1  +  ^CR  \r 


(11-48) 


(11-49) 
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But 


(II-50) 

(11-51) 

(11-52) 

(H-53) 


Combining  Eqa.  (11-50),  (11-51),  (11-52),  (11-53)  with  Eq.  (11-49)  results  in  an 
equation  which  reduce b  to  N 


tJl1  '  TL  *  vs  , 

*3*5  -  *5Z  *  705  '  ”52  *1*3  -  *!*4  ♦  703  '  "  (I1'54) 

with6  “  13  a  00nstant  for  a  ^ven  grid  line  intersection.  Eq.  (11-54)  la  combined 


*3*1  -  x&!  -  *373 
xlx3  *  xlx4  +  7^3 


(11-54) 


X5Z  +  y52  "  (0Q)2  "  ( ® )2 

to  obtain  values  for  and  yj,  the  extraneous  roots  being  discarded. 

r-  .  _ _ 


Z  TOC  =  tan-1 


Z  ORQ  =  tan-1 


’ro  J 


Combining 


RQ  RO 


B  _ ,y5  -  yl 


(11-55) 


(II-56) 


(H-57) 


(11-58) 


lSdthJafolwSe,42iiiM/I1-52)*  (II"53)>  withE^8-  (JI-56)  and  (11-57)  results 


<4.  ORQ  -  tan_x 


Finally, 


Z  TOC  .  tan-1  (-k) 

*1  x5  "  x5  71 

5^  ’  V  +  ^1  ^5  “  ^ 

J  „  sin  Z  TOC 


(II-59) 

(II-60) 


,  u  Y  7in  Z  ORQ  ’  (Sneli's  iaw),  (11-61) 

nnr  the  corresponding  pressure  is  then  obtained  from  Table  VII. 

After  calculations  have  been  made  for  several  grid  line'  intersections  the 
bv  oWtW  S*0™1™?  by  the  “««*  ^-ibed  in  Section  l  of  Ihe  Appe^-  nLely 
of  r?o  frn  °+j1  °  °ulatefl  Prer:sures  against  eorro spending  distances  of  the'mid-point 
Ji  «te  shock  front,  and  extrapolating  to  zero  distance  from  the  shock  front. 

S  SLSS3  «ceX^B'nt  t0  th°  'h°°k  Sph“S’  ^  «“  -- 
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APPENDIX  III 


CIRCUIT  DIAGRAMS  OP  CAMERA  TIMERS 

1 .  Timer  for  high  speed  camera  ii / 

Timing  of  the  film  speed  of  the  Eastman  High  Speed  Camera  Model  III  is  accomplished 
by  photographing  periodic  light  flashos  from  a  small  neon  bulb  synchronized  with  an 
oscillator.  The  bulb  is  mounted  close  to  the  film  on  the  inside  of  the  camera.  The 
timing  marks  appear  along  tho  edge  of  the  film  and  are  photographed  simultaneously  with 
the  recording  of  the  phenomena  under  observation.  Operating  at  3000  frames  por  second, 
the  maximum  speed  of  the  camera,  tho  circuit  shown  schematically  in  Pig.  139  produces 
one  mark  on  tho  film  every  third  frame.  Under  these  conditions  the  distance  between 
two  adjacent  marks  can  be  measured  to  one  tenth  of  one  per  cent  (i.e.  to  one see) 
by  the  uso  of  an  optical  comparator. 

The  el-cult  was  designed  to  operate  from  tho  output  of  a  1000  cycle  per  Becond 
tuning  fork  {General  Radio  Typo  913A)  although  it  can  be  used  with  other  sinusoidal 
oscillators  operating  at  different  frequencies  if  slight  changes  are  made  in  some  of 
the  circuit  constants.  Tho  accuracy  of  the  film  speed  determination  depends  on  the 
accuracy  of  the  oscillator  frequency. 

The  essential  parts  of  the  circuit  are  a  clipper  (tubos  Tg  and  Tj)  which  convorta 
the  input  sine  wave  into  a  square  wave;  a  counter  circuit  (Tj  and  Ty)  which  divides 
the  input  frequency  by  two;  a  short  duration  pulse  generator  (Ty  and  Tg) ;  a  power  output 
tubs  (Tg)  to  drive  the  neon  flashor,  and  a  tuning  eye  (T^)  to  indicate  the  voltage  of 
the  sine  wave  from  the  oscillator. 

The  neon  bulb  operates  satisfactorily  when  cables  as  long  aB  1000  ft.  are  used 
between  the  tirnor  s-d  the  bulb;  this  is  the  greatest  length  of  cable  which  has  been 
employed.  The  current  in  tho  noon  bulb  is  adjusted  by  the  potentiometer  in  the  cathode 
circuit  of  Tg  in  order  to  control  the  intensity  of  the  bulb;  about  5  mamp  is  used  at 
1000  ops  and  3  mamp  at  500  cps. 

This  circuit  can  be  usod  with  an  external  power  supply  operating  from  a  power 
line  and  delivering  300-500  volts  nt  40  mamp,  In  addition  to  current  for  tube  heaters, 
or  from  a  6-volt  storage  battery  if  other  power  is  not  available.  It  1b  desirable  to 
use  a  different  source  of  power  for  operating  the  circuit  than  that  used  for  operating 
the  camera  because,  when  the  camera  starts,  a  very  largo  Burge  is  introduced  which 
may  affect  tho  operation  of  the  electronic  circuit,  particularly  if  the  power  is 
obtained  from  a  small  generator.  A  Mallory  Tyep  VP-552  vibrs.pack  and  a  filter  section 
are  built  into  the  unit  for  operation  from  a  6-volt  battery  and  a  Mallory  Type  107 
battery  charger  is-  iswI’viQd  -0T  charging  tho  storage  battery  from  a  power  line.  The 
1000  cps  tuning  fork,  ius  vlbrapaok  and  the  battery  charger  are  included  in  a  portable 
wooden  carrying  case  watch  houses  the  electronic  circuit. 

2.  Timer  for  Jerome  camera 

Inasmuch  as  the  requirements  for  the  Joromo  camera  were  much  less  severe  than 
thoso  for  the  Eastman  High  Speed  Camera  because  of  the  lower  speed  required,  a  simpler 
circuit  shown  in  Fig.  1/0  was  used  to  drive  a  neon  lamp.  A  50  cycle,  single  contact 
electrical  tuning  fork  excites  thiB  unit.  The  signal  from  the  fork  is  amplified 
and  sharpened  into  short  duration  pulses  in  the  first  two  stages  and  then  applied  to 
the  grid  of  a  Strobotron  tube  (SN4J.  The  SH4  fires  on  each  pulse,  discharging  the 
condenser  through  tho  transformer  in  its  plate  circuit.  The  output  of  this 
transformer  drives  a  l/4  watt  neon  bulb  mount "d  in  the  camera  and  connected  to  the 
timer  unit  through  a  cable.  The  short  dioc.i_u.-ge  time  of  the  4 ^Z<f  condenser  insures 
short  duration  ■  r;ht  pulsos  from  the  neon  bulb  suitable  for  dotting  the  film. 


sr  This  is  discussed  in  more  detail  by  G.  K.  Fraenkel,  Apparatus  for  the  measurement  of 
air  burst  pressures  by  means  of  piezoelectric  gaaes.  NDRC  No.  A-373,  0SRD  No.  6251, 
Chapter  9.3. 
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F1G.139 

TIMER  FOR  HIGH-SPEED  CAMERA 
UERL  WOODS  HOLE,  MASS. 


FOR  JEROME  CAMERA 
iS  HOLE.  MASS. 


OASKKTS  A  Nil  : TUFF IMG  bOXKG  FOP.  CAl-fliRA  CASHS 


Vie  have  found  that  gasket  and  stuffing  box  design  for  our  camera  cases  is  not  very 
critical.  Mo  special  effort  is  made  to  achieve  very  close  tolerances  on  gasket  surfaces. 
However,  whenever  practical  v/e  put  the  gasket  in  a  tongue  and  groove  type  of  joint.  The 
only  gasket  failures  we  have  hud  have  been  due  to  static  and  not  dynamic  pressure.  At  a 
depth  of  600  feet,  for  example,  re  found  that  we  could  not  use  our  ordinary  l/8  to  l/l6  inch 
rubber  gasket  because  it  squeezed  out.  Thin  Vollumoid  was  found  satisfactory  in  this  instance. 

Vie  have  used  two  types  of  stuffing  boxer,  for  electrical  leads  with  equal  success.  In 
tho  first  type  (see  Fig.  141)  tho  vire  cable  led  through  a  hole  in  the  case  which  was  packed 
with  compressed  rubber.  In  the  second  type  (Fig.  142),  an  insulated  metal  jack  was  put 
through  the  case  and  electrical  connections  wore  mado  on  both  sides  of  tho  jack.  The  second 
method  is  perhaps  preferable  in  deep  water  because  there  i3  no  chance  of  water  leaking  into 
the  case  through  a  hole  in  the  cable  insulation. 


yo 
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Fig.  141.  Stuffing  box  for  electric  cable.  Fig.  142.  Single  wire  lead-in  connector. 
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Office  of  the  Ordnance  Officer,  U.S.  Military  Academy  (2  copies) 

Office  of  the  Chief  of  Naval  Research 
ONR  Planning  Division 
EX OS,  Navy  Department 
Washington  25,  D.C. 

(For  distribution  to: 

Research  and  Development  Division  (3  copies) 

Research  and  Development  Division,  Bureau  of  Ordnance  (2  copies) 
Research  and  Development  Division,  Ammunition  and  Explosives 
Sec.,  HKS,  Bureau  of  Ordnance  (10  copies) 

Technical  Library,  Adlf-2,  Bureau  of  Ordnance  (1  copy) 

Bureau  of  Ships  (Code  014K)  (2  copios) 

Capt.  L.  V.  Honsinger,  Bureau  of  ShipB  (1  copy) 

Comdr.  J.  M.  Fluke,  3ureau  of  Ships  (1  copy) 

Condr.  C.  H.  Gerlach,  Bureau  of  Ships  (1  copy) 

Bureau  of  Ships  (Code  .5815)  (3  copies) 

’P.M.  Morse,  Op-34-H-8  (CNO)  CEG,  Room  4311  (1  copy) 

David  Taylor  Model  Basin  (3  copies) 

Mr.  Yf.  J.  Setto,  DTMB  (1  copy) 

Submarine  Mine  Depot,  Fart  Monroe,  Va.  (1  copy) 

Lt.  N.  H.  Bullard,  U.S.'  Naval  Mine  Depot,  Yorktown,  Va.  (1  copy) 
U.S.  Naval  Ordnance  Laboratory  (l  copy) 

D.  P.  MacDougall,  U.S.  Naval  Ordnance  Laboratory-,  Research 
Division  (3  copies) 

U.S.  Naval  Ordnance  Test  Station,  Inyokern,  Calif,  (l  copy) 

Head  of  Dept,  of  Ordnance  and  Gunnery,  U.S.  Naval  Academy  (1  copy) 
Commandant,  Portsmouth  Navy  Yard,  Attn:  Preliminary  Design 
Brunch  (1  copy) 

Bureau  of  Construction  and  Repair,  Navy  Department  (1  copy) 

U.S.  Naval  Research  Laboratory 
Attn:  Dr.  Ross  Gunn 
VJnshington  20,  D.C. 

Prof.  Walker  Bleaknoy,  Princeton  University,  Princeton,  New  Jersey 
Prof.  C.  O'D.  I selin. 

Underwater  Explosives  Resonrch  Laboratory, 

Woods  Hole  Oceanographic  Institution,  Woods  Hole,  Massachusetts 

Explosives  Research  Laboratory,  Attn:  Mr.  John  C.  Holtz 
Bruceton,  Pennsylvania 


Any  surplus  copies  should  be  sent  to:  Library  of  Congress 

Acquisitions  Department 
OSRD  Project 
'Washington  25,  D.C. 
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